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Abstract. The results of X-ray photoelectron spectroscopy (XPS)
studies of the structures of the outer and inner electron shells of
compounds of light actinides (Th, U, Np, Pu, Am, Cm, Bk, Cf) in
the binding energy (Eb) range of 0—1250 eV are generalised. The
regularities of formation of the fine structure in the X-ray photo-
electron (XPS) spectra of these compounds are considered. The
mechanisms of appearance of such structure are analysed, and the
correlations between the fine structure parameters and actinide
oxidation states and local environment, the magnetic properties of
compounds, the nature of the chemical bond and secondary
electronic processes that accompany photoemission of electrons
are discussed. Experimental evidence for effective formation of
the outer (Ep, = 0—15 eV) and inner valence (Ep = 15-50 eV)
molecular orbitals, in particular, from the fully occupied An6p
and Luns orbitals of the neighbouring actinide (An) and ligand (L)
atoms in the compounds in question is presented. The use of fine
spectral structure parameters, together with the electron binding
energies and line intensities extends significantly the scope of
application of the XPS method in structural studies.

The bibliography includes 276 references.

I. Introduction

Actinides (An) are the An5f transition elements located after
actinium in the Periodic Table with atomic numbers (Z) in the
range 90 < Z < 103. These elements can be conventionally sub-
divided into two groups, namely, light actinides (Th, Pa, U, Np,
Pu, Am, Cm), which are readily accessible for X-ray spectral
studies, and heavy actinides (Bk, Cf, Es, Fm, Md, No, Lr), less
accessible for such studies, which is mainly due to the relatively
short half lives of the longest-lived actinide isotopes (Table 1). The
electronic configuration of actinide atoms can be expressed as
{Rn}5f6d™7s%, where {Rn} is the electronic configuration of
radon, 0 < n < 14, m = 0, 1. In the ground state, actinides, except
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Table 1. Electronic configurations and half lives (71 ») of the longest-lived
isotopes of actinides.! 3

Isotope Electronic configuration Z T2 (see?)
227A¢ 6d7s? 89 21.8

232Th 6d27s2 90 1.41 x 101
231py 5f26d7s? 91 3.28 x 10*
238y 5136d7s? 92 4.47 x 10°
237Np 5f*6d7s? 93 2.14 x 10¢
244py 56752 94 8.1x 107
243Am 5f77s2 95 7380
247Cm 5f76d7s> 96 1.64 x 107
247Bk 5f97s2 97 1380
249Cf 510752 98 350

254Es 5f117¢2 99 277 days
25TFm 5f127s2 100 100 days
258Md (5f137s2) b 101 54 days
29No (5f147s2) b 102 ~1.5h
260y (5f146d7s? or 5147s27p) b 103 ~3 min

aWhen no units are given, the half lives are expressed in years.  Putative
electronic configurations.

for thorium, protactinium, uranium, neptunium, curium and,
possibly, lawrencium have no An6d electrons (m = 0); however,
transition of one or two An5f electrons to the An6d shell does not
require much energy. In compounds, actinides can occur in
various oxidation states.! 4

Currently, nuclear energy is widely used in science and
engineering. The permanent growth of the demand for the raw
materials stimulates the design of economical nuclear-chemical
processes used in all stages of nuclear energy production ranging
from ore mining to transmutation of the spent nuclear fuel ' =7 and
for the solution of the concomitant environmental problems using
X-ray spectral methods.8~1¢ Despite the fact that a number of
industrially important actinide (Th, U, Pu) compounds have been
widely studied in the last decades, many aspects concerning the
physicochemical properties of these compounds still remain
unknown.! =4 Therefore, study of the electronic structures of
actinide compounds and elucidation of the relationship between

T Dedicated to Academician Anatolii Petrovich Aleksandrov on the
occasion of the 100th anniversary of his birthday.
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its parameters and their properties is a fairly topical task. In
addition, investigation routes for the electronic structures and
properties of transactinide compounds with atomic numbers in
the range of 104 < Z <118 have taken shape in recent years.!”- 18

In the last decades, the design of high-precision X-ray photo-
electron spectrometers !°~23 and development of quick methods
for the calculation of electronic structures such as X,-meth-
ods 2428 and spectral structure parameters >3 enabled X-ray
photoelectron spectroscopy studies into the electronic structures
of actinide compounds to be carried out at a qualitatively new
level. The results show that not only the spectra of core electronic
shells 29-36:37 or outer valence molecular orbitals (OVMO),38 44
but also spectra of the inner valence molecular orbitals
(IVMOQ) 38.45-48 provide information about the physical and
chemical properties of these compounds. Not only the chemical
shifts of electronic levels and line intensities can be used for
analysis. Useful information concerning the physicochemical
properties of compounds and secondary processes that accom-
pany photoemission can also be drawn from fine structure
parameters of the spectra of both the core and outer elec-
trons.?0-2349-56 This is especially important in those cases
where reliable determination of electron binding energies and
line intensities of some electronic levels is difficult. In the spectra
of actinide compounds, a complex fine structure is observed for
almost all electron shells in the binding energy (Ep) range of
~0 < Ep < 1250 eV. This energy range is normally used for XPS
measurements. The fine structure provides information on the
actinide oxidation states in compounds (Th,?3 5764 [J, 39 40,60-78
Np, 7981 Py 29-64.79.81-86 Ay 29.79.87.88 Cpy| Bk, Cf79-81.87.88),
on the magnetic properties (Th4+ 3889 [J43.44,55,89-91
Np 44:55.89,90)  on the structures of compounds (Th,338
U, 26,38,45.47,48,55,66,92-97 Np 55.80 Py 29.55.82 A 29.79 Cm, Bk,
Cf7), on the nature of the chemical bond (Th,37-52 33, 55,58,98-100
U,26.40.47.48. 52, 53,55.66.92-94,98. 101 - 112 jp 41. 51 - 53.55.80.81.87-90. 113115
Pu,29-37.41.52,53,55.82.87 9L 115,116 Ay 29.37.79.81.87-89.91 O Bk,

Cf79-81.87.88) "on the secondary electronic processes that accom-
pany the emission of photoelectrons (Th,5%38 117-120
U,#7.55.56,103-105, 117 N 55.56.79.80 Py 29,55,79.82,121  Apy 29.79
Cm, Bk, Cf7?), and so on. Therefore, analysis of the reasons for
the appearance of the fine spectral structure and identification of
the correlation between its characteristics and the properties of the
considered compounds, which represent key goals of this review,
are fairly topical.

The XPS spectra of light actinide compounds clearly show the
bands for the outer valence MO (Th,3%-38 U,38.40.65,66,70, 111,122
Np,41-80.89 Py 41.82.83.89 Ay 79.88.89 Cmy, Bk, Cf7°-88); inner
valence ~ MO (Th,58 U,47.53.66.93,94.102,104,109. 110, 123
Np,36:53.80, 113 py 36,5382 Am 29 Cm, Bk, Cf>3); the multiplet line
splitting due to the presence of unpaired An5f electrons in actinide
ions (Th,%38 U35 Np,%° Pu,®? Am,>® Cm, Bk, Cf”°); a dynamic
effect due to the giant Coster — Kronig transitions within the core
and valence levels during the core electron photoemission
(Th,36:62. 119,120, 124 {J 47.56,66 Np,55.56.80 Py 2982 Am 29 Cm, BK,
Cf545%); many-body perturbation caused by simultaneous excita-
tion of valence electrons during photoemission, which gives rise to
satellites on the higher binding energy side from the basic XPS
lines (so-called shake up satellites) (Th,!17-118.125 [J 52,66,105
Np,79-80 Py 29.82.85.126 A 29.127.128 Cy Bk, Cf7%), and other
effects.

Despite the fact that different mechanisms of the appearance
of fine spectral structure occur simultaneously, for electrons of a
particular shell, the probability of a particular mechanism is
usually much higher than that of other mechanisms.>? 5435 There-
fore, to study particular mechanisms of the formation of fine
spectral structure in actinide compounds, it is expedient to use
compounds of those elements in the spectra of whose electronic
shells this mechanism shows itself with the highest probability.

Most often, the fine structure of the XPS spectra of actinide

compounds is interpreted based on the results of theoretical
calculations (U,2426.31,32,42,55,93.129 - 137 Th,124.125.129

Np,3336.136 Py 33,36, 138 A 33.35.138 Cmp, Bk, C£35 137 138). How-
ever, such calculations are usually labour-consuming and are
performed after the experimental spectra have already been
measured. Therefore, in practice, spectra that have been thor-
oughly studied both theoretically and experimentally are often
used as references to analyse the XPS spectra of new compounds.

X-Ray photoelectron spectroscopy is the most appropriate
technique for the study of the physicochemical states of actinides.
It is used to estimate the oxidation states of actinides, their
electronic configurations, and the degree of participation of
electrons in the chemical bond on the surface of solids (Th,”?
U, 139,140 py 141, 142) 4 alloys and other materials (Th,!43 U, 144~ 147
Pu,82146 Am, Cm, Bk, Cf7?) and to determine radionuclides in the
environment. This method is used in the quantitative elemental
analysis of actinide materials;'*® in particular, it has been success-
fully used to determine the elemental and ionic composition of the
reactor fuel melts from the Chernobyl nuclear power
plant,®-91.149.150 to study the nature and the structure of ‘new-
formed’ materials grown on these melts,!%- 150151 to study the
mechanisms of interaction of the uranyl group (UO%*) with calcite
and diabase,'>132-157 humic acids,!!-157-160 apatite 161-162 and
biosorbents,’! to study the microbial reduction of the U * ions to
U4™ (Refs 163, 164) and the effect of visible light on the decom-
position of the uranyl citrate complex;'®> and to study the
elemental and ionic composition of highly hazardous ‘hot’ par-
ticles®  containing U, Cs,!>166-169  QplI5,170-172 gpd
Ru, 13141732175 which have been formed during the simulation
of a nuclear power plant accident under laboratory conditions.
Together with other X-ray spectral methods, '® X-ray photoelec-
tron spectroscopy !1-152.158.161 i efficiently used to solve prob-
lems related to radionuclide transfer in the environment.

For interpretation of XPS spectra, in particular, of actinide
compounds, as has been shown previously for lanthanide com-
pounds,>* the binding energy range of the electrons (0—1250 eV)
can be divided conventionally into three regions. The first one is
from 0 to ~15 eV; this exhibits the spectral structure mainly
caused by the An5f and OVMO electrons. The second region
(~15to ~50 eV) shows a structure that is largely related to the
IVMO electrons and whose parameters correlate with the degree
of participation of the An6p and Lns atomic orbitals (AO) in the
chemical bond and with the structure of the local environment of
the actinide ion. The third region (~50 to 1250 eV) reflects the
fine spectral structure of the core electron levels; the mechanisms
of its formation may be different.

This review mainly deals with the fine structure of the X-ray
photoelectron spectra of compounds of light actinides (Th, U, Np,
Pu, Am, Cm, Bk, Cf) observed in the binding energy range of
0-1250 eV, the mechanisms of formation of this structure and the
dependence of its characteristics on the physicochemical proper-
ties of compounds and the nature of the chemical bond in them.
We are going to answer the following questions.

1. What are the mechanisms and general regularities of the
formation of fine XPS structure for actinide compounds?

2. How do the parameters of the fine structure in question
correlate with the properties of actinide compounds and the
nature of the chemical bond in them?

3. What new quantitative and qualitative information on the
physicochemical properties of actinide compounds can be gained
from the parameters of the fine XPS structure?

To simplify the discussion of the fine structure of XPS spectra
in the region of valence electrons, we use atomic designations in
addition to molecular ones.

I1. Thorium compounds

Since the electronic configuration of thorium is {Rn}6d?7s? (see
Table 1), the simplest structure of the XPS spectra should be
expected of compounds formed by tetravalent thorium. This is
due to the fact that Th** does not contain unpaired electrons (the
electronic configuration is{Rn}5f?). Filling of the An5f shell with
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an increase in the atomic number of the actinide complicates the
spectral structure due to the multiplet splitting, which is caused, as
noted above, by the presence of unpaired valence electrons in the
actinide ion; this results in a complex structure of the final state of
this ion upon photoemission of an outer or an inner electron.

This Section presents the results of analysis of the XPS spectra of
thorium 57 120:176.177 and its compounds, 52 5% 3962 64.118,119,125,177
in particular, Th02,53’ 58,61,98,99,117 ThF4,53* 58,98,99 Th(NO3)4 .
-4H,0,5338 Th(S04)2-nH20, Th(OH)4, Th(COs)> nH,0,%
ThSiO4 17 H»0,°'-93 mainly dealing with their fine structure and
dependence of'its characteristics on the oxidation state of thorium,
the structure of compounds, and the nature of the chemical bond
in them. This information is also necessary for interpretation of
the XPS structure of heavier actinide compounds containing
unpaired An5f electrons.

1. Spectral range of valence electrons

In the low binding energy range (around the Fermi level for
metals), the XPS spectra of thorium compounds (Figs 1, 2) exhibit
a poorly resolved band due to electrons of the OVMO. This band
largely reflects the participation of the Th6d?7s? and Lnp electrons
of thorium and the surrounding ligands L in chemical bonds. The
full widths at half maximum (FWHM) of these bands for ThOa,
Th(NO3)4-4H>0O and ThF4 are 3.3, 2.5 and 3.7 eV, respec-
tively 3338 (see Fig. 2).

a b
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Figure 1. Scheme of MO formation in the ThO$*~ cluster (O, group of
symmetry) («) and X-ray photoelectron spectrum of the oxide ThO»
(b).%%-92 The dashed line in Fig. 1 is the background.

In a binding energy range of ~10—50 eV, the spectra show a
structure due to the Th6s, Th6p and Lus electrons. This structure
is more complicated than that expected for the sum of the atomic
spectra of the elements contained in the given compounds. Thus,
the experimental spin—orbit splittings (AEg) for the Thoép elec-
trons differ markedly for the oxide (9.0 eV), fluoride (7.2 eV),
thorium metal (7.9 eV) and atomic thorium (9.2 eV) (Tables 2,
3).33:57.38.62,178,179 For ThO, and ThFy, this binding energy
difference between the Th6ps;» and Thoép,,, electrons cannot be
attributed to the superposition of the Thop line onto the neigh-
bouring lines related to the ligands. In this case, the components of
the thorium doublet would shift in the opposite direction, and
apparent splitting of this level for ThO, would be lower than for
ThF4. It is known from numerous experimental data that in the
low-energy range, the spin—orbit splitting of the core levels
depends only slightly on the chemical environment.?!-23

Intensity Intensity b
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Figure 2. XPS spectra of thorium compounds in the range of weakly
bound electrons

(a, b) ThF4; (¢, d) Th(NO3)4 - n H>O; (e, f) Th(OH)4; (g, ) ThO». The Thés
spectra (a, ¢, e, g) show the dynamic effect with the formation of final states
of the type Th6s'6p®6d® = Thés?6p*6d!; the vertical lines below the
spectrum /1 show the MO energies for the ThO}>~ cluster (O} symme-
try);!89 the vertical strokes below spectrum f show the experimental
spectrum of H»O;!? the designations for the MO of the NO3 ligand (D3,
symmetry) are presented above spectrum d.

The extra structure present in the O2s and F2s binding energy
range cannot be explained by the presence of ligand atoms in
different oxidation states in ThO, and ThF4. In this case, the
corresponding structure would also be observed in the Ols and
Fls spectra. This is due to the fact that the chemical shift does not
depend significantly on the core electron binding energy in the Ey,
range up to ~ 1000 eV.2!-23 The Ols and F1s spectra of ThO, and
ThF4 consist of single lines with FWHM of 1.4 and 1.7 eV,
respectively.>®

The most complicated fine structure is observed in the low-
energy XPS range for thorium compounds containing organic
ligands. In this case, the thorium spectrum is superimposed by a
spectrum of the IVMO electrons of the ligands. (For some
compounds, these MO are also shown in Fig. 2.)

On the basis of the XPS data, taking into account the results of
theoretical ~ calculations,!?- 137,180,181 it~ has been sug-
gested 51,55.38,59, 101,102 that an important reason for the forma-
tion of the fine structure in the spectra of these thorium
compounds is efficient (experimentally observed) formation of
IVMO from the Th6p and L2s atomic shells.

The foregoing can be illustrated in relation to the spectrum of
the low binding energy electrons of ThO,. The local environment
of thorium in this compound can be simulated by the ThO*~
cluster (O, group of symmetry) in which the Th—O bond length
(Rth_o) equals 0.241 nm (Fig. 3, see Fig. 1).>* The results of
theoretical calculations performed for the ground state of this
cluster in the non-relativistic spin-limited SCF X,-DV approx-
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Table 2. Binding energies (Ep,) and photoionisation cross-sections (g) for thorium and its compounds.®?

Orbital Ey JeV a(Th,L)?
Th, L (nl))
ThF4 Th(SO4)2 ‘n Hzo Th(NO;)4 n HzO Th(OH)4 Th(CO;)z ‘n HzO Th02 Thmeta] Ththeor
(see>7) (see 178)
OVMO 83 73 5.6 5.6 52 5.8 -
Théps)» 18.4 18.8 18.4 17.5 17.2 16.5 16.6 24.8 0.37
Thop /> 25.6 — — — — 25.5 24.5 34.0 0.13
Thoés (see ®) 44.5 44.6, 43.7 42.6 419, 419 41.4 53.5 0.16
50.8 50.1
Th5ds)» 88.5 88.2 87.8 86.8 86.7 86.3 85.4 95.6 3.15
Th5d3) 95.5 95.2 94.8 93.8 93.6 93.3 92.5 102.7 2.15
ThSp3» (see®) 177.8, 177.3, 176.7, - - 175.1, - - -
181.0, 181.1, 180.0, 179.2, 179.0, 178.6 177.2 197.6 2.05
197.9 198.6 198.9 197.0 198.8 194.1
ThSp12 236.7 — 237.0 234.8 236.6 233.4 233.8 244.1 0.66
Th5s 288.7 289.1 289.0 289.7 289.0 288.7 - 307.4 0.70
Théf7), 336.6 336.3 335.8 335.0 334.8 3343 333.1 343.6 23.94
Théfs), 345.9 345.7 345.2 344.2 344.0 343.6 342.4 352.8 18.81
Th4ds)> 678.4 677.9 677.1 676.4 676.1 675.6 675.2 678.0 16.31
Th4ds)» 715.5 715.0 714.8 713.9 713.6 712.7 712.4 715.0 10.82
Thdps)> (see ) 967.5, 969.2 — 969.2 966.6 966.7 966.4 969.8 7.46
969.5
02s 25.4 26.7 22.5 24.9 22.0 0.14
Ols 532.5 5333 532.0 531.8 530.2 293
F2s 29.8 0.21
Fls 685.5 4.43
Nls 407.7 1.80
S2ps2 169.7 1.68
S2s 233.4 1.43
Cls 289.0 1.00

aThe ¢ values are expressed in the units used in Ref. 62: 13.6 barn (b) per atom. P The Ej, values corresponding to the line maxima in the corresponding

binding energy ranges are given.

Table 3. Binding energy differences (AE;) for various electron shells of
thorium and ligands.>®

Compo- AE;= Ex— E;[eV
und
61:)3‘/2— 6p3,'2— 61:)3,/2— 65]/2— 5d5,2— L2s—
—6p1)2 —06s1)2 —4f7)2 —4f;) —4f7)» —LIs
(see?) (see?) (see?)
ThO, 9.0 25.4 317.8 292.4 248.0 508.2,
506.2
Th(CO3),- — 24.7 317.6 292.9 248.1 506.9
n Hzo
Th(OH)s — 25.1 317.5 292.4 248.2 509.5
Th(NO3)s* — 25.3 3174 292.1 248.0 506.6
‘nH>O
Th(SOy4)2- — 25.8 317.5 291.7 248.1 507.1
‘nH>O
ThF4 7.2 26.1 318.2 292.1 248.1 655.7
Thmetal 7.9 24.8 316.5 291.7 247.7 —
(see>7)
Thiheor 9.2 28.7 318.8 290.1 248.0 —
(see 178)

4 The binding energies corresponding to the most intense peaks in the Th6s
spectra are used. P The AE; differences for oxygen and fluorine are given.

imation'8" are presented in Fig. 3 for convenient qualitative
comparison with the experimental data. It follows from Fig. 3
that the MO system can be conditionally subdivided into two
groups, inner valence and outer valence MO.

The outer valence MO (OVMO) group consists of vacant
2tpy— 6ty orbitals and filled 2t,,—4t;, orbitals, which contain
occupied Th5f states, whereas free thorium atoms contain no Th5f
electrons. It has been shown experimentally %190 that relatively
high line intensity in the XPS spectra of ThO, and ThF, in the
OVMO energy range is largely related to the presence of filled
Th5f states in these compounds. This is consistent with the results
of studies of Lgj p2.4(Th)-emission of thorium oxide and hal-
ides.182

The other group of molecular orbitals includes the 1ag, 1tjy,
Itag, lasy, 2aig and 2t;, IVMO. Analysis shows that, whereas
OVMO mainly consist of vacant valence Th5f, Th7s, Th6d, Th7p
and O2p atomic orbitals, the IVMO are mainly composed of fully
occupied inner valence Tho6s, Th6p and O2s AO. For example,
orbitals of the 1t;, and 2t;, IVMO pair, one of which can be
considered as a bonding orbital (1t;,) and the other, as an
antibonding one (2ty), consist of 18% of Thé6p plus 68% of O2s
and 55% of Thép plus 27% of O2s, respectively (see Fig. 3).
Significant mixing of the Th6s and O2s AO takes place during
formation of the la;, and 2a,, IVMO pair. However, for uranium
oxides, it has been shown !23-130 that inclusion of relativistic
effects in the calculation leads to a lower degree of mixing. This
is mainly due to splitting off of the Th6p;,» component from the
Thé6psn level (AEg = 7.9 eV), which allows the use of non-
relativistic calculation results in interpretation of the low binding
energy spectra of actinide compounds.

The energies of occupied OVMO electronic levels do not differ
much (—11.21 to —9.39 eV) and fall within a range of 1.82 eV.
The energies of the inner valence MO vary over a broader range
and form an energy structure typical of this cluster. This makes it
possible to construct qualitative structural schemes for the IVMO
of various model clusters (see Figs 1, 3).
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Figure 4. Diagram of MO of the ThOL*~ cluster (O, symmetry) reflect
the structure of the nearest environment of the thorium atom in ThO,.
Chemical shifts induced by MO formation from AO are not reflected. The
+
—18. 6393(6p) +2725) +162p) * 13(7p) 5, diagram is based on the XPS spectrum and calculation results. 8
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T 8229) T 122p)+5(6d) i1 7 L g f > between Var.ious valence and core levels AE; (i = 1-4), _AETh and
*34-92 6829+ 18(6p) 12(20) yall AEo (see Fig. 4) found from the XPS spectra of thorium com-
—£25.66 - ltl/u/ pounds (see Table 3).
/ / It follows from the data of Table 3 that on passing from
/ . . . . .
: thorium metal to thorium compounds, the binding energy differ-
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to the least extent. Substantial deviations in the AE; energies are
AO (Th) MO (ThO§*") AO (0) found for the formal AEq(Th6ps»—Tho6p2) and AE|(Th6ps»—

Figure 3. Composition (%) and the structure of MO of the ThOéz’
cluster (O, symmetry) for Rr,—o = 0.241 nm (X,-DVM calculations).!80
The vacant MO are shown by horizontal dashed lines; here and below, AO
and related IVMO are connected by dashed lines. The arrows show the
most probable electronic shake up transitions which accompany the
photoemission of a core electron (the energy scale is not maintained).

Experimental data for ThO, are presented in Fig. 4, which
provides their qualitative comparison with the results of theoret-
ical calculations and shows the binding energy differences between
the valence and core electrons for separate atoms and the ThO&>~
cluster, which can be determined experimentally.

It can be seen from Fig. 4 that the formation of molecular
orbitals from the Th6p and O2s AO can induce a relative shift of
the 2t;, level toward lower binding energies compared to that of
the Thép electrons by a A’ value. The formation of IVMO from
the Th6s and O2s AO can entail a relative shift of the la;, level
toward higher binding energies compared to that of the Thos
electrons of the Th metal by a 4, value. Note that MO formation
can induce some other significant effects that influence the line
shifts, for example, a change in the effective charge of the nucleus.

Th4f;,) values, which describe the energy shifts of valence
electrons. These results are consistent with the assumption that
at least the Th6ps/» and O2s atomic shells are involved in the 2ty
IVMO, which is formally antibonding.

The formation of IVMO in the oxide ThO> and the fluoride
ThF,; is confirmed by X-ray O4s(Th) emission spectro-
scopy.??-100,183-186 Additional information on the valence elec-
tron states of thorium dioxide and tetrafluoride can be gained
from X-ray O4 5(Th) 137190 and M3 4 5(Th) absorption spectra.!®!

2. Electronic structure of ligands

The low binding energy spectra of Th(SO4)2-nH->0,
Th(N03)4~nH20, Th(CO3)2‘}’lH20 and Th(OH)4 55 can be rep-
resented approximately as the summary spectra of clusters with a
Th central atom surrounded by the ligands NO3, SO3~, CO%~,
OH ™ and H-O (see Fig. 2).

To estimate qualitatively the contribution of ligands to
complication of the structure of the general low binding energy
spectrum of thorium compounds, let us consider the spectral
structure of the ligands taking the NO3 group as an example.

The low binding energy spectral range of Th(NO3)4-nH,0
can be approximately regarded as a superposition of the spectra
from thorium involved in the chemical binding with oxygen, the
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NO;3 ligand and H»O (see Fig. 2¢,d). The experimental XPS
spectrum of water (C,, group of symmetry) %33 reflecting the
system of its MO is shown in Fig. 2 f'by vertical dashed lines. The
spectral structure of the NOj ligand (D3, group of symmetry) with
Rn—_o = 0.121 nm is conveniently illustrated by the MO diagram
(Fig. 5) constructed on the basis of results of semiempirical
CNDOJ/2 calculations. These results are in satisfactory agreement
with the data for Ni(NOs3)2 - 6 H,O whose XPS spectrum exhibits,
in the low binding energy range, only an OVMO band for nickel at
low Ey, values. Except for the thorium line in the valence band,
the spectral structures for nickel and thorium nitrates have much
in common. The molecular orbitals of the NO3 ligand are shown
in Fig. 2 d above the spectra of thorium nitrate. The contributions
of the electrons from various MO to the covalent bonding in the
NOj3 ligand 38 were estimated based on the resonance energy value
E%_o (measured in au),> >3 which characterises the fraction of
covalent bonding in the chemical bond; the corresponding energy
values are indicated in parentheses in Fig. 5.

0
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i N \
]
0 0o
44(N2p) + 44(02p) + 10.5(02
23,00 DL TI0OR) 1 .50y
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18,31 = 2O BEILIOD)_ 40 45)
13.10 — — SN2 4HO2) 01
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N2p —= =
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100(02 a},ah,al
BT )(+ 8](3;2) 1€7(0.00 ;(l ”;Z’TOZP
p S f €) ¢
—5.48 100002 3 (001
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Figure 5. Composition (%) and structure of the MO of the NOj ligand
(D3, symmetry) (CNDO/2 calculation).>8

The values in parentheses are resonance energies (E%_q, au; see Refs 52,
53). The vacant MO are shown by horizontal dashed lines (the energy scale
is not maintained).

As can be seen from Fig. 5, the energies of occupied MO of the
NOs3 ligand are located within a 36.38 eV range, which almost
overlaps the range of MO of the ThOL*~ cluster; taking them into
account provides a satisfactory description of the additional
structure observed in the experimental XPS spectrum of thorium
nitrate (see Fig. 2 d). This IVMO structure is expected to arise also
in the spectra of compounds containing CO3~ and SO2~ groups
(D3;, and T, symmetry, respectively).>?

The results indicate that the spectra of complex ligands of the
thorium compounds studied have a characteristic structure caused
by OVMO and IVMO celectrons extended in a binding energy
range of ~35eV. This structure can be used to identify these
substances. In addition, the low energy range of the spectra may

display an additional structure caused by secondary electrons and
other processes. Since these processes are also reflected in the core
electron spectral structures, they can be studied more conveniently
in the spectra of core levels.

3. Core electron spectra of thorium compounds
When performing quantitative elemental and ionic analysis using
XPS spectra, the stoichiometric compositions of compounds and
the oxidation states of ions are determined using the most intense
single sharp lines for the core levels. The most suitable line for
these studies of thorium compounds is a component of the doublet
(caused by the spin—orbit splitting) of the Thdf;, elec-
trons. 860,117, 121,125

The core electron fine structure (shake up satellites) related to
many-body perturbation reflects the composition and energy
distribution of molecular orbitals. The many-body perturbation
is due to the extra final states of thorium ion which arise upon the
transition (excitation) of a valence electron to a vacant outer MO
simultaneously with the photoemission of a core electron (shake
up process 21 ~23-49), This gives rise to shake up satellites on the
higher binding energy side from the basic lines. Such satellites are
observed in the spectra of all core and valence levels; however, as
the electron binding energy decreases, their intensity diminishes
(see, for example, the study'*? dealing with LnNbOy4). These
satellites are more specific in the Th4f and Th5d spectra (Fig. 6).
Since the excitation of ligand-related electrons from filled MO to
vacant, mainly metallic AO can take place during the electron
photoemission from a core metallic level (see Fig.3), the corre-
sponding satellites can be attributed to the charge transfer from
the ligand L to the metal M: Ln/ — M#'l’, where n (n') and [ (/") are
the principal and orbital quantum numbers, respectively.?? These
excitations, which satisfy the monopolistic selection rules,
Al=As =0 (sis the spin quantum number) are shown for
ThO{*™ in Fig. 3 by arrows. A simple two-level theoretical
model 2%23-118:193 ‘mgkes it possible to calculate the satellite
intensity, which is related to the change in the partial electron
density on a filled AO of the metal caused by electron photo-
emission from a core level. On the basis of this model, it was shown
that the satellite intensity diminishes as the metal electron density
on a certain filled MO increases and the magnitude of its change
upon the photoemission of the core electron decreases. The energy
distance from a satellite to the basic line depends on the ionic—
covalent nature of the chemical bond in the compound. In the case
of 3d-metal compounds, this distance increases and the satellite
intensity decreases with an increase in the ionic contribution to the
bond.!?3 The spectra containing shake up satellites are typical of a
particular thorium compound and reflect the actinide oxidation

Intensity a Intensity b

Thdfs)»
93

Thafy),

1 1
376 356 336 130 110 90 Ey [eV

Figure 6. XPS spectra of thorium compounds in the Th4f (a, ¢) and Th5d
(b, d) binding energy ranges.> (a, b) ThF4; (¢, d) ThO,.
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state and the stoichiometric composition. A similar satellite
structure can also be followed in the Th5d spectra (see Fig. 6).

Itis also noteworthy that, despite the complication of the Th4f
and Th5d spectral structures due to many-body perturbation, the
observed basic lines are relatively sharp. The intensity ratios of
individual components of doublets are close to the theoretical
values, while the spin—orbit splittings (AEy) are constant for
different compounds, being equal to 9.3 and 7.0 eV for the Th4f
and Th5d electrons, respectively. A similar spectral pattern for
some shells of transition elements is usually observed when the
multiplet splitting and dynamic effect are feebly manifested in the
spectra of these electrons.??-23, 193

The Thés binding energies reported in several papers 2%-57-38
are different. This discrepancy can be explained by the errors of
measurements resulting from the relatively small Thés photo-
ionisation cross-section and unexpectedly wide energetic interval
(~40 eV) in which the complex fine spectral structure arises. The
most intense maximum in the Thés spectrum from ThO, is
observed at Ep &~ 42 eV (see Fig. 2 g).

On the basis of theoretical calculations, 129-137-180 jt wasg
suggested that the Th6s shell can markedly participate in the
MO formation in thorium compounds. Therefore, for a number of
thorium compounds, the low binding energy XPS spectra of Thés
electrons were recorded and analysed >%-°8 (see Fig. 2). In a range
of ~40 eV, the Thoés spectra show structure that cannot be
attributed to the participation of Thés in the chemical bond
alone. This participation could result in the shift of the Thés line
or appearance of a fine structure with a width of several electron-
volt. Since the compounds in question are diamagnetic and do not
contain unpaired electrons, their XPS spectra are not expected to
display multiplet splitting. The maxima observed at the same
relative energies as the Th4f and Th5d spectra can probably be
attributed to the shake up satellites in those cases where the
corresponding line intensities do not exceed ~10% of the basic
lines.

Similar considerations are also valid for spectral structure of
the Th5p electrons (Fig. 7). Instead of the expected doublet caused
by the spin—orbit splitting, this spectrum exhibits a much more
complicated fine structure. The spin—orbit splitting is given by
AEq(ThS5p) = 47 eV, while the binding energies (see Table 2) are
as follows: Ep(ThS5ps) = 182 eV and Ep(Th5ppp) = 229 eV.20
However, the spectra of thorium compounds exhibit a clear-cut
additional line at ~200 eV and the Th5p;, lines are broadened
(see Fig. 7). These structural changes in the spectra of relatively
deep electron shells cannot be attributed to the crystal field

Intensity a

Intensity b

1 1 1
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Figure 7. XPS spectra of thorium compounds in the Th4d (a, ¢) and
Th5p (b, d) binding energy ranges.*® (a, b) ThF4; (¢, d) ThO,. The Th5p
spectra for both compounds show the dynamic effect, resulting in the
formation of final states of the type Th5p35d!%(6s26p®)5f° =
Th5p®5d3(6s26p®)5f!.

splitting. Moreover, splittings of about several electron-volt are
also observed in the Thdps), spectra.>> These spectra are compli-
cated due to the appearance of additional broad OKLL Auger
bands. The most individual fine structure in the Th4ps/, spectra is
found in the spectrum of thorium tetrafluoride containing no O
atoms.>>

The XPS spectra of thorium and its compounds may clearly
manifest the dynamic effect due to the giant Coster—Kronig
transitions within the core and outer shells during the electron
photoemission from an atom or an ion. This results in several final
states of anion and, as a consequence, a complicated fine structure
is observed in the spectra instead of sharp single lines. For thorium
compounds, the ratios of the binding energies of core and outer
electronic levels are favourable for this effect to appear during the
photoemission of core electrons from the Th atom. Indeed, since
the binding energies of thorium levels obey the ratios Ey(Thoés) ~
2 Ew(Thép); Ewn(Th5d) ~ 2 Ey(Th6s); En(Th5p) ~ 2Eu(Th5d);
Ey(Th4f) ~ 2 Ev(ThSp); En(Thdd) ~ 2 Eu(Th4f); En(Thdp) ~
En(Th4d) + Eu(ThSs), and the dynamic effect has a resonance
nature,>’ the probability of this effect for thorium compounds is
rather high (see Table 2). The dynamic effect gives rise to an
additional two-hole final state (apart from the ground one-hole
state), due to the electron transition from an intermediate fully
occupied level to a level with a hole that has appeared upon
electron photoemission from the atom and to the nearest low-
energy vacant level in the molecule under consideration. This two-
hole state should have the same orbital quantum number L as the
ground one-hole final state and a similar energy.!!9 120.194
According to estimates,'!?-1?# the following one-hole and two-
hole final states are expected to appear with the highest
probability for Th** compounds after photoemission of the
core electron: Th6s'6p®6d® = Th6s?6p*6d! (see Fig. 2);
Th5p35d19(6s26p®)5f0 = Th5p®5d3(6s26p®)5f! (see Fig. 7,
Table 2); Th3s'5p©5d!9(6s26p®) = Th5s25p°5d°(6s26p®)5f!. 1t is
assumed %8 that the dynamic effect can also be observed in the
Th4ps» spectra. This can be attributed, for example, to the
formation of final states of the type Thdp4d!'05s2.
.(5p®5d196s26p®) = Th4p®4d®5s!(5p®5d196s26p®)7p!.

The structure of the Th5s spectra caused by the dynamic effect
is difficult to observe, as it is superimposed by the Cls spec-
trum;>> 8% however, it has been shown theoretically that this
structure should occur in this binding energy range.!?# 194

It follows from the above examples that, on the one hand, the
fine spectral structure complicates gaining the traditional infor-
mation concerning the binding energies and line intensities for the
core electrons, but, on the other hand, this structure provides
significant additional information on the electron structure, the
nature of chemical bonds and the secondary electronic processes
that accompany the electron photoemission from ions.

A number of industrially important thorium compounds have
now been studied by XPS. Although thorium is formally tetrava-
lent in each of the compounds studied, the binding energies imply
that the thorium oxidation state increases in the following
sequence: ThOz, Th(CO3)2'}’lH20, Th(OH)4, Th(NO3)4'4H20,
Th(SOy4)2-nH,0, ThF4.5%-38 This results in an increase in the
Thd4f;,> binding energy by AEy, = 1.8 eV. Thus, in the series of
thorium compounds, the ionic nature of the chemical bond
increases.

To conclude this Section, we would like to note that the
understanding of the mechanism of fine structure formation in the
XPS spectra of thorium compounds is highly favourable for
gaining the most detailed and reliable information on the proper-
ties of these compounds and the nature of the chemical bond in
them.

I11. Uranium compounds

Solid-state uranium compounds have been studied by XPS in
most detail 4547, 53,55,57.65,66,75,75,93,94,177,195- 198 The gaseous
UFs, U(BHy4)4, UBH3Me)s and U(CsHg), molecules have been
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studied.!”?-201 Photoelectron spectroscopy data for the UFg,
UCly and ThF4, ThCly molecules in the gas phase have also been
reported.!7-202 Theoretical analysis of the electronic structures of
these compounds has received much atten-
tion.33.33,123,129-132,203-206 X _Ray photoelectron spectroscopy
has proved to be the most adequate method for determining the
oxidation states and ionic compositions of uranium in oxides and
other compounds, in particular, in ores.®® Knowledge of the
uranium oxidation state in ores is especially important for under-
ground leaching.?07-298 In a number of studies,47-65 66,9294
uranium compounds have been studied by XPS in order to
develop a non-destructive method for determining the uranium
oxidation states in compounds and minerals and the stoichiomet-
ric compositions of minerals on the basis of XPS fine structure
parameters.

1. Uranium oxides

a. The US5f spectra

X-Ray photoelectron studies of uranium oxides have
shown 38 -40.45.53,65-68,76,77.93,111,190,209.210 that the fine struc-
tures of the low binding energy spectra (E, = 0—50 eV) of UO;
and UQj; are substantially different (Fig. 8). Since the U®* ion in
the trioxide y-UQs has the electronic configuration {Rn}5f°, while
the electronic configuration of U** in the dioxide UO; is {Rn} 52,
the XPS spectrum of the latter,*0-43.65-68,93,209 yplike the spec-
trum of y-UOs, exhibits a rather narrow intense line at
E, = 1.9 eV, which belongs to the USf electrons participating
only slightly in the chemical bond. In addition, some differences in
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Figure 8. XPS spectra of uranium oxides UO, and y-UO; in the low
binding energy range and in the Ols range.>>%3

(a) UO,, (b) y-UOs. The intensities of electrons from different shells are
not normalised. The dashed lines show the background. The vertical lines
under the spectra show the energy levels found by non-relativistic spin-
unrestricted (a) and spin-restricted (b) SCF X,-SW calculations.”?
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Figure 9. XPS spectra of synthetic uranium oxides in the USf and
OVMO binding energy ranges.®’
(1) UO2.06; (2) U20s; (3) U3Os; (4) v-UOs.

the structures of OVMO and IVMO bands for uranium dioxide
and trioxide are also observed (see Fig. 8).

X-Ray photoelectron spectra of low binding energy electrons
(0 to ~50 eV) which participate in the MO formation reflect the
band structure and represent lines with a width of several electron-
volt. The line around a zero binding energy observed in the
spectrum of uranium dioxide containing unpaired U5f electrons
has the FWHM I' ~ 1.4 eV, which is typical of core electrons (see
Fig. 8). In the spectra of the U409, U>Os and U3Og oxides, the
intensity of the U5f line decreases (Fig. 9).

Since the ratio of photoionisation cross-sections
a(U6d)/a(U5f) is appreciably lower than unity,??? the U6d line
in the XPS spectra should be much less intense than the line for the
unbound US5f electrons. For the U** ion with the electron
configuration {Rn}5f2, a(U5fs))/[30(U4f72)] = 0.0213,35 which
is almost half the corresponding experimental relative intensity 3
I = I(US1)/I(U4f7») for UO», equal to 0.0383 (Fig. 10).

I; (rel.u.)
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Figure 10. Relative intensity (Z;) of the US5f line in the XPS spectra of

synthetic and natural uranium oxides UO, vs. the oxygen coefficient
65.66
.65

(1) I calculated from Eqn (1); (2) L calculated from Eqn (2), (3) 5
calculated from Eqn (6); the dots correspond to experimental data: the
circles show the data for synthetic oxides; triangles and squares, natural
oxides; crosses, UO» and y-UO3 mixtures.
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The energy difference between the U5f and OVMO lines is
~4.2 eV, which permits reliable determination of the intensity of
the former. For elucidating the dependence of the intensity (/) of
the U5f line on the number of oxygen atoms (oxygen coefficient x)
in the UO, oxides, found as the intensity ratio of the U5f lines to
the U4fy, lines without inclusion of the shake up satellites, a
number of synthetic uranium oxides have been studied.®- % The
dependence of the relative intensity /; of the line observed in the
XPS spectra of the UO, oxides around zero binding energy, which
is caused presumably by the unbound US5f electrons, on the
oxygen coefficient x for synthetic oxides can be described as
follows (see Fig. 10):

I = 5.4x772, (1)

Extrapolation of the curve for the dependence of 7, on x gave
the relative intensity /; = 0.0383 for UO,. This allows one to
construct a similar dependence for mixtures of UO, and UO;
obtained upon homogenisation. This dependence is given by ©°

L= —0.0383x + 0.1148. @)

The values of the relative intensity > of the USf line for
mechanical mixtures of the UO, and y-UO3 oxides fit satisfac-
torily into this straight line (see Fig. 10).

Since unpaired electrons are responsible for paramagnetism of
molecules, it appeared pertinent to compare the dependences of
the USf line intensity in the XPS spectra and the magnetic
susceptibility () of the UO, oxides on the oxygen coefficient x.
An increase in x in the range 2 < x < 3, entails a decrease in the
magnetic susceptibility,>-%0-211 the corresponding dependence
being described by the following relation (Fig. 11)

7 = (55.8x7095 — 19.6)x 10-6 g~ 1. 3)

Similar results as regards the magnetic properties have been
obtained in another study.?'? It was concluded that {Rn}5f> or
{Rn}5f'6d' is the most probable electronic configuration of
uranium in the dioxide UOz (uer = 3.2 up), while the trioxide
UOs possesses a weak temperature-independent paramagnetism,
which can be neglected.?!?

For synthetic oxides, the specific magnetic susceptibility y
correlates with the relative intensity /; in the following way °!
(Fig. 12):

g =623x10-6797 g—1. )

In this case, the I; grows faster than the magnetic susceptibility
following a decrease in x (see Fig. 10—12).

It has been noted 22 that on a further decrease in the oxygen
coefficient x from 2 to 1.835, the magnetic susceptibility of UO,
drops from 8.74 x 10—¢ to 8.38 x 10— g—!. Unfortunately, the
change in the U5f line intensity upon the removal of an oxygen

108y /g~!
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Figure 11. Specific magnetic susceptibility (y) of synthetic oxides UO, vs.
the oxygen coefficient x [see Eqn (3)] plotted using the data of Ref. 211.
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Figure 12. Specific magnetic susceptibility (y) of synthetic oxides UO, vs.
relative intensity 7; of the U5f line in the XPS spectrum [see Eqn (4)].9% 21!
No correction for diamagnetism was done.

atom from the UO; surface, for example, by means of an argon
gun, has not been studied quantitatively.

For oxide mixtures, the dependence of y on the intensity I is
nearly linear 433 (Fig. 13):

¥ =730x10—6733 g—1, (5)

It is natural to expect that the magnetic susceptibility would
grow proportionally to the intensity /> following an increase in the
UO; concentration in the mixture provided that the intensity of
the line under consideration is due to the unpaired unbound U5f
electrons.

It follows from the above correlations that the line around the
zero binding energy in the XPS spectra of UO, can be assigned to
the unpaired USfelectrons and the configuration of the U4* ion in
the dioxide UQ, is given by {Rn}5f2 (see Ref. 55). The relationship
between the y and 7 values is not as simple as would be expected if
the magnetic properties of uranium oxides were governed only by
the full spin of the USfelectrons. In addition, the results imply that
synthetic oxides are not mere mixtures of UO, and UOs;. For
example, the dependence of the intensity /; on the x value cannot
be interpreted under the assumption that the oxides UO, contain
only U#* and U®™ ions (see Fig. 10), but it can be explained with
the assumption that these oxides contain also U* ions.®%% The
presence of U™ ions in complex oxides is consistent with the
results of XPS studies 7 and the data of X-ray Li;j(U) near-edge
absorption spectroscopy of the UO; + , oxides.!8? In this case, the
difference AI = I, — I, describes the decrease in the content of
U4* ions and the formation of U™ ions in UOy following an
increase in x. The approximate relation for the decrease in the

106y /g~!
U0,
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Figure 13. Specific magnetic susceptibility (y) of synthetic oxides UO,
(2 < x < 3) vs. relative intensity /> of the U5f line in the XPS spectrum of
oxide mixtures [see Eqn (5)].>° No correction for diamagnetism was done.
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Figure 14. Crystal structure and the local environment of uranium ions in
oxides.>”
(a) UOg, (b) y-UOs3. The bond lengths are in nm.

relative intensity I3 depending on the content of U#™ ions has the
form

L=5L-2(L—1)=2I —D. (6)

It follows from Fig. 10 that upon an increase in x from 2 to
2.35, the U*" ions disappear from UO,. This is consistent with
X-ray diffraction data indicating that synthetic uranium oxides
with x — 2.38, virtually do not contain a structure with the lattice
parameters of UO, containing eight-coordinate uranium
(Fig. 14).213

The above dependences (see Fig. 10) can be used to determine
the relative contents of different uranium ions in oxides (Table 4).
For example, it follows from the data of Table 4 that the oxides
U,0s5 and U3Og mainly contain ions with spectral characteristics
close to those of U and U®" in 1: 1 and 1: 2 ratios, respectively.
This does not attest to any violation of the stoichiometric
compositions of these oxides, as we are dealing with the formal
ionic oxidation states determined from the spectral parameters
that reflect the formal number of unbound U5f electrons. More
information on the energy distribution of the uranium US5f

Table 4. Binding energies (Ey/eV), binding energy differences (AE;/eV)
and relative contents of uranium [k (%)] in synthetic uranium oxides.%> ¢

Parameter U0, U409 U,0s5 U;s0g v-UO3
Ew(USS) 1.9 2.1 2.0 2.1 —
En(OVMO) 6.1 6.2 6.0 6.0 6.2
Eb(U6p3/2) — — 14.4,b — —
— 15.7, 15.8, 16.0, 15.7,
18.0 17.8, 18.0, 18.2, —
19.3 19.6 19.4 19.4
AE;(U6ps))? — 3.6 3.8 34 3.7
Ew(U6pi)2) 28.5 28.4, 28.9, 29.2, 28.9,
31.1 31.2 31.1 30.4
En(O2s) 23.3, 23.5, 23.5, 23.2, 23.3,
24.8 25.6 25.7 26.0 25.5
AE;(O2s) — 2.1 2.2 2.8 2.2
Ew(Ols) 530.5 530.8, 530.5, 530.5, —
532.0 531.5 531.5 531.4
AE;(Ols) — 1.2 1.0 1.0 —
k(U*™) 65 9 — — —
k(U3™) 29 66 50 33 —
k(U®™) 6 25 50 67 100

aDifference AE; (U6ps)») for the U™ state. ® Energy corresponding to the
additional peak.

electrons in oxides can be gained from Oy s(U),'87 189
M v v(U) T and Li(U) 214 near-edge X-ray absorption spec-
tra. The U, UO and UO, species have been studied by high-
temperature photoelectron spectroscopy in the gas phase;?!® the
results of relativistic Hartree — Fock —Slater theoretical calcula-
tions of the electronic structures of these molecules were used to
assign the spectral lines to the electrons of some shells.

b. Structure of the U6p — O2s spectra

In the U6p—02s binding energy ranges (Ep = ~12-35¢V), a
complex fine spectral structure is observed instead of the expected
summary atomic spectrum due to the U6p doublet with the spin—
orbit splitting AEg(U6p) = 10.0 eV and the O2s lines (see Fig. 8).
This structure is more pronounced in the spectrum of y-UOj3 than
in the spectrum of uranium dioxide.38-43-31,53.65,66,93 Jnlike the
spectrum of UO,, the spectrum of y-UOj in the U6p;)» binding
energy range (~ 12—21 eV) displays two clear-cut components. In
the U6p;)» spectral range (~27— ~35 eV), two components are
also observed for these oxides. For oxygen-containing U°®™
compounds, the presence of two components in the U6ps,
spectrum was explained 4> by splitting of the U6ps» level of the
U°®" ion in the asymmetric electric crystal field of ligand ions
present in the local environment, which arises on passing from the
symmetric structure of the UO; dioxide to the asymmetric planar
structure of y-UQj (see Fig. 14 b).

A structure containing at least two peaks is also observed in
the binding energy range of O2s electrons (~21— ~27 eV). In the
XPS spectrum of y-UQOs, these peaks are separated by 2.2 eV.
These have been attributed #° to different oxygen ions located in
the axial and equatorial positions with respect to the central atom
in the uranyl compounds containing a U™ ion. However, it has
been noted ©6-92-93.103.104 that this explanation does not work for
the two peaks observed in this range in the case of UO; (see
Table 4), because all the oxygen ions in this oxide are chemically
equivalent (see Fig. 14 a). It should be expected 2! 23 that the shifts
of the O2s and Ols lines should be commensurable in magnitude.
However, the spectrum of UO, exhibits a single relatively sharp
Ols line, while in the spectrum of y-UQs, this line is broadened by
0.6 eV, due to the non-equivalence of two oxygen atoms (see
Fig. 8). This single line is also present in the spectra of some
uranium complexes.?'® This has led to the conclu-
sion 66-92,93,103,104 that the two peaks observed in the spectrum
of y-UOs in the O2s binding energy range cannot be attributed to
different types of oxygen ions present in this oxide, as was believed
earlier.*?

Comparison of the binding energy differences between the
low-energy (Ep ~12—35 eV) and core electrons in uranium metal
(which has a virtually atomic spectrum in this energy range) and
uranium oxides shows that the formation of chemical bonds
between uranium and oxygen atoms brings about significant
differences between the XPS spectra of the metal and oxides
(Table 5). Thus the energy level characteristic of the U6ps)»
electrons in the UO, spectrum is shifted with respect to the
U4fy, level of uranium metal to lower binding energies by AE =
2.3 eV. In the case of y-UQs, the corresponding shift of the higher
binding energy component equals 2.4 eV and that for the lower
binding energy component is 6.1 eV. It is noteworthy that this
allows one to observe the shifts of the low binding energy peaks
not only for y-UOj3 but also for UO, in which the environment of
the uranium ion is symmetric.

Using the data on the causes and mechanisms of formation of
the fine structure in the XPS spectra of actinides and other
elements 38-40.45,52,65.79 and taking into account the results of
theoretical ~ calculations,?4-25-92.93.129-131.137.180.217  Teterin
and coworkers 66:92.93.103.104. 112 have suggested that the fine
structure in the binding energy range Ep~ 12-35eV of
the spectra of uranium oxides is due to IVMO electrons supplied
mainly from the filled U6p and O2s AO of neighbouring atoms.
This is consistent with the conversion electron spectroscopy
data for uranium oxides in this energy range,>'8-22! the



The structure of X-ray photoelectron spectra of light actinide compounds

551

Table 5. Binding energy differences (AE;) for various shells of uranium
and ligands.>>

Compound, AE; = Ex — E;[eV
element
6p32 — Ops2— Opsp— 6812 — S5dsp— L2sip—
76})1,’2 7681/2 74f7//2 74f7/r2 74f7’12 7L1$1/r2
(see?) (see®) (see®)
U0, 10.5 27.6, 362.9 335.3, 283.6 507.2,
29.4 333.5 505.7
UO; (see ) 10.6 27.8 362.5 3347 2838 507.9
UF4 — 28.2 362.6 3344 2836 6556
UF, (see 7°) 11.7 - 362.8 — — 655.4
v-UO3 — — 363.0, — 284.0 505.9,
366.7 508.1
Umelul 10.0 — 360.6 — 283.0 —
U (see ) 10.0 27.1 360.6 333.5 283.2 —
Utheor (see 178)  10.4 31.0 360.9 329.9  283.0 —

4 The E; values corresponding to the most intense peaks in the U6s spectra
were used. P The AE; differences for oxygen and fluorine are given.

structure  of the XPS spectra of wuranium hal-
ides 26-43.44,47.53.55.69,70, 82,98, 101,102, 105, 109.200.201 4114 the results
of theoretical calculations.3!-122,123,132-134,202,222-233 The for-
mation of IVMO in uranium oxides is confirmed by the X-ray
0O4,5(U) emission '8%234 and OL;Lyy ;1L m-Auger spectroscopy
data 235.236

The energetic spectral structure in the U6s, U6p and O2s
binding energy range can be illustrated by a diagram reflecting the
formation of IVMO in y-UQOj in the non-relativistic approxima-
tion (Fig. 15). This Figure shows the changes that take place in the
IVMO system on passing from the UO3" cluster (D, group of
symmetry) to the [UO04]6~ cluster (Dy;, group of symmetry).
The spectrum of y-UQj5 in the same binding energy range is given
for comparison. It follows from this diagram that the XPS spectra
in this binding energy range reflect the electron distribution in
oxides over quasi-atomic and molecular orbitals. The partial
contributions of the U6p AO and the O2s AO into each MO
characterise the substantial overlap of these uranium and oxygen

a b
U,0 UO3" [UO 045~ O Ey [eV
Usf
— . L O2p
O2p =
o ay,
I 4
d y
// ef‘ 1
Ub6p, ‘I n < \ A7
— ( L(_alg,&llg,bzé 0O2s ‘%
02\, o, N 424
\\ Cu
\
\ow o
AO MO MO AO

Figure 15. Diagram of MO formation in the UO%+ and [UO,04]°—
clusters (Do, and Dy, groups of symmetry, respectively) from the
studies 2>26:102 (g) and X-ray photoelectron spectrum of the oxide
v-UO; (b).

The dashed line in Fig. 15 b corresponds to the background.

AO. Although these results were obtained in the non-relativistic
approximation, they allow one to identify the spectral lines in the
U6ps;» and O2s binding energy ranges. However, complete
description of the electronic structure of y-UQOj3 requires perform-
ing relativistic calculations (see Section VI).

Analysis of the spectral structures of UO, and y-UQO3 caused
by MO electrons in the ~0—35 eV binding energy range suggests
that the fine structure in the spectra of the U4Og, U>Os and U3Og
oxides in this energy range can be considered to be a superposition
of the spectra of simple oxides. It was shown % that the spectral
structure in the U6ps,» energy range due to the UO%+ uranyl group
becomes more pronounced as the oxygen coefficient x increases.
Simultaneously, an additional line appears in the O2s energy
range and the intensity of the U5f line diminishes.

c. XPS spectra of synthetic uranium oxides in the core electron
binding energy range
The XPS spectra of UO, oxides in the binding energy range of the
core levels (E, &~ 40— 1250 eV), which exhibits the lines for U4p,
U4d, U4f, USs, USp, USd and U6s electrons, have been exten-
sively studied.47 55 66,103,105, 108.109.210,215,229

The results are presented in Table 6 and in Figs 16— 18. As the
oxygen coefficient x for the synthetic oxides UO, increases in the
2 < x <3 range, the core level binding energy grows by
~0—1.5 eV (see Table 6). This is due to the increase of uranium
oxidation state on going from UO, to y-UO3. All of the spectra in
this energy range show a complex fine structure; in some cases, this
precludes precise determination of the binding energies and line
intensities for some levels. Nevertheless, as has been mentioned
above, the structure itself is characteristic of particular oxides and
can be used for identification and for study of their properties.

Table 6. Binding energies (Ey, /eV), line widths at half maximum (I" /eV),
spin — orbit splittings (AE; /eV), distances from the basic lines to satellites
(AEsa [eV) and their relative intensities [Isai/Io (%0)] for synthetic uranium
oxides.%°

Parameter UO, (see?) Us09  Ux0s Ui0s  7-UOs3
Ew(Udfy)2) 380.9 381.4  381.6 381.9 3824
I'(U4f7)2) 2.1 2.8 2.6 2.1 1.5
En(U4fs)») 391.8 392.3 392.5 392.6  393.1
AEg(U4f) 10.9 10.9 10.9 10.7 10.7
AEsa: — 4.2, - 3.8, 3.9,
6.9 6.7 7.8 7.3 9.5

Isat/Io (see®) 25 10 10 10 29
Ew(U4ds)2) 739.3 740.4  740.6 7404  741.0
I'(U4ds)) 5.9 9.8 5.9 5.1 5.1
En(U4ds)2) 781.6 782.2 7827 7824 7833
AEg(U4d) 42.3 41.8 42.1 42.0 42.3
En(U5ds)2) 97.3 97.7 97.9 98.0 98.4
I'(U5ds)) 2.5 2.7 2.9 2.0 1.8
E,U5d3)» 105.5 106.4 105.9 106.6 107.1
AEg(U5d) 8.2 8.7 8.0 8.6 8.7
AESut - 4.6 30, 4.2 38,
7.1 5.4 7.8
Eo(USpsp) (see)  197.4 - 197.5 1982  199.1
I'(USp3)2) 7.8 — 7.0 6.8 7.4
Eo(Udps) (see®)  1046.7 - - —  1048.0
I'(Udps)n) 7.4 — — — 6.6
Ey(U6s) (see 9) 46.5, - - - 47.5,
— 50.4,
75.0 74.4

aThe binding energies are given for UOj 0. P The ratio of the satellite
intensity Isa¢ to the basic line intensity /p. ¢ The binding energies were
measured as the weight average of the complex line. 9 Binding energies for
the most intense components.
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Figure 16. XPS spectra of synthetic uranium oxides in the U4f binding
energy range.%¢

(@) UO,, (b) Us0q, (¢) Uz0s, (d) U30s, (e) y-UOs; Sat is satellite. The
U4f; ), lines are shown separately for clarity.

d. The spectra of U4f electrons
The U4f XPS spectra of uranium oxides exhibit shake up
satellites.66- 105 151,237,238 Thege spectra, like the spectra of U5

Intensity a
U4p3,r2 U6s
2.5

17.8 2.9

26.9 ‘

1 1 1 R 1 1 ]
1075 1055 1035 77 67 57 47 Ep [eV

Figure 17. XPS spectra of uranium oxides in the U6s and U4p binding
energy ranges.>®
(a) U0, (b) y-UO:s.
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Figure 18. XPS spectra of uranium oxides in the USp binding energy
range.56-66
(@) UO,, (b) U,0s, (¢) U30s, (d) y-UO3; AE4(U5p) = 65 eV.20

electrons, show that the U>Os and UsOg oxides contain two types
of uranium ions.%® However, these oxides are not mere mechanical
mixtures of the simple oxides UO> and UOs, they are complex
phases whose lattices contain interrelated uranium and oxygen
ions of two types.>3

The spectral characteristics suggest that these complex oxides
contain U>* and U®* ions. In this approximation, the U4f7; lines
of the given oxides were decomposed into two components
(Fig. 16) and the contribution of each of the ions was quantita-
tively estimated.>> % It was found that U,Os and U;Og contain
US* and U®" jons in 1:1 and 1:2 ratios, respectively, which
agrees with the XPS spectra of the U5f electrons in these oxides. In
addition, these conclusions are confirmed by the intensity ratio of
the components of the U4f;, lines and the corresponding U4f7
binding energies found from decomposition of these lines (for
U,Os, 381.5 and 382.3 eV; for UsOg, 381.5 and 382.4 eV).

The data on the contents of the two types of uranium ion in
these oxides 3% are in line with XPS data,3® ©0.105 magnetic
measurements, 2! and, in the case of U;Og, also with X-ray
diffraction data.®> The UO, and y-UQj; oxides contain U*" and
US™ ions, respectively,3>-% which is also consistent with X-ray
diffraction data.’

The binding energy distances between the satellites and the
basic U4f lines in the XPS spectra reflect the MO structure and are
characteristic of particular oxides (see Fig. 16). Thus in the
spectrum of UQO,, the distance from the low energy satellite to
the basic U4fy, line is 6.9 eV, while the spectrum of y-UOs3
exhibits two satellites spaced by 3.9 eV and 9.5 eV from the basic
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U4fs;, component of the doublet. The spectra of other oxides
exhibit more complicated satellite structures, which can be corre-
lated to a certain approximation with the satellite structures in the
spectra of UO; and y-UOs.

e. The spectra of the USd and U4d electrons

The U5d binding energy range of the spectra of the oxides under
study 366,103,104 exhibits, instead of the expected doublet caused
by the spin—orbit splitting, a more complicated fine structure. The
US5d3,2 component is broadened compared to the U5ds); line, the
binding energy difference between these electrons increasing on
passing from UO; to UOs. This is not related to the change in the
spin—orbit splitting [(AEq(U5d) = 8.6 eV for U metal >’] follow-
ing the increase in the uranium oxidation number, but is due, first
of all, to the multiplet splitting. Since the U®* ion in y-UO; does
not contain unpaired electrons, this splitting should not be
manifested in the XPS spectrum in the US5d binding energy
range. Therefore, the value AEg(U5d) = 8.7 eV is closer to the
true value of the spin—orbit splitting (see Table 6). Other reasons
for broadening of the U5d doublet may include the superimposi-
tion of the shake up satellites onto the U5d3/» component and the
dynamic effect.

In the spectra of deeper U4d electrons, the spin doublet lines
are much broader than the U4f lines,>*23® which complicates
decomposition of the U4d line of complex oxides into separate
components. Nevertheless, the measured spin— orbit splittings for
the U4d level for uranium dioxide and trioxide are equal and
amount to 42.3 eV [AEy(U4d) = 42.3 ¢V for U metal3’]. The
observed change in the AE value for complex oxides is attribut-
able to the structure caused by the presence of uranium in different
oxidation states.

f. The spectra of the U6s, USp and U4p electrons

The XPS spectra of uranium and its compounds exhibit a complex
structure in the U6s binding energy range.>> 56106 Indeed, instead
of the expected single relatively sharp line, the spectra of UO; and
v-UOs contain a complex fine structure in an energy range
covering up to ~40 eV (see Fig. 17).5¢

The spectral structure observed in the U6s range has much in
common with the XPS structure observed for the Th6s electrons
(see Fig. 2). Therefore, this structure has been suggested > 3¢ to be
mostly due to the dynamic effect giving rise to the final states of
the type U6s!6p05f76d™ = Ubs26p*576d™ + !, because En(U6s) ~
2 En(U6p). This is in qualitative agreement with the results of
calculation 32 of the U6s spectrum performed with the assumption
that uranium occurs in the U * state.

A similar analysis of the reasons of formation of the fine
spectral structure has also been carried out 3¢ for the U5p and
U4p;); electrons (see Figs 17, 18). This structure in the spectra of
uranium oxides in the U5p binding energy range induces splitting
of the U5p3)» line and substantial smearing of the U5p;,» compo-
nent of the doublet [(AEq(U5p) = 65 eV 29]. A similar situation is
observed in the U4p;, energy range >° (see Fig. 17). Comparison
of the magnitudes of splitting of the main components in the U6s,
USp and U4ps;» spectra has shown that these values change
insignificantly as the electron binding energy increases from ~ 50
to ~1000 eV and, hence, the fine structure cannot be mainly due
to the effect of the crystal field, as has been suggested 7° for the
electrons of some shells.

Since the fine structure observed in the range of core levels for
thorium dioxide containing no unpaired Th5f electrons has much in
common with the corresponding spectral structure of UQO,, it has
been suggested>® %6 that this structure in the spectra of U5p and U4dp
electrons of UO, cannot be related, to a large extent, to the multiplet
splitting or many-body perturbation, but is mainly due to the
dynamic effect, resulting in the final states of the types
US5p35d19(6s26p®)5f" = US5p®5d3(6s26p®)5f+ 1 and Udp>4d!0(4f14).
.58%(5p05d196s26p%)5imp? = Udp®4d®(414)5s! (5p°5d!106s26p°®).
.Sf'npl, respectively.3>-3¢ This structure is superimposed by the

satellites corresponding to many-body perturbation. This further
complicates the spectral structure.

2. Uranyl compounds

Uranyl compounds contain the UO3* group coordinated by four,
five or six atoms of the ligand L (L = O, F, Cl, Br, etc.) in the
equatorial plane.?*=24! The U-O bond length (Ry_o) in the
UO%+ group of these compounds is usually smaller than the
distances from the uranium atoms to the neighbouring ligand
atoms located in the equatorial plane.”-53.71-73.240-243 [ recent
years, researchers’ attention has been focused on the calculation of
the electronic structures of uranyl derivatives (Refs 24,2628, 36,
42,93, 102, 123, 130, 204, 233) which has been stimulated by the
appearance of numerous publications devoted to X-ray photo-
electron spectra of these compounds (Refs 26, 42—48, 55, 82,
94-97,102, 109, 216, 244). It should be noted that only the actinyl
group AnO;" (An = U, Np, Pu, Am, efc.) has an almost linear
structure, whereas a molecule of gaseous ThO> is bent at an angle
of 122 4 2° (see Ref. 245).

A number of uranyl compounds have been studied by XPS
(Table 7) in order to establish the relationship of fine spectral
structure parameters with the structure of these compounds and
the nature of the chemical bond in them.4’-35 To confirm the
stoichiometric compositions and the structures of these com-
pounds, the spectra of all elements contained in their molecules
were analysed. For identification of XPS lines of uranyl com-
pounds in the low binding energy range, the spectra of ligands
based on Ni(NO3),, NaOAc, Na,CO3 and CsCl have also been
studied.

a. The spectra of uranyl compounds in the low binding energy range
As noted above, the XPS spectra of highly symmetric U4*
compounds (see Fig. 14), for example, UO; (see Fig. 8) and UF4
(Fig. 19), containing U5f electrons not involved in the chemical
bond, exhibit a sharp line at around a zero binding energy.

The spectra of uranyl compounds containing U®*, for exam-
ple, y-UOs3 (see Fig. 8) and UO,F> (see Fig. 19), do not exhibit this
line. The absence of the US5f line in the XPS spectra of uranyl
compounds directly confirms that the uranium oxidation state is
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—_— —— ——
Fls Ols F2s O2s U6ps);»
5.014.8/4.5
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Figure 19. XPS spectra of uranium compounds.®®

(a) UOsF,, (b) UF4. Vertical lines below the spectrum: (@) results of non-
relativistic calculation (X,-DV 102) of the electronic structure of the
[UOyFg)*~ cluster (D¢, group of symmetry) for Ry_o = 0.174 nm,
Ry _r = 0.243 nm. The dashed lines show the background.




Table 7. Binding energies (Ep/eV), binding energy differences (AE;/eV), bond lengths in the UO%Jr groups (Ru—_o/ nm), distances from the basic lines to the satellites (AEs,/eV) and their relative intensities

(/1o (%))
Compound Eb(OVMO) Eb(U6p3’r2) AE,' (U()p_yz) RU —0 Eb(OZS) AE,' (OZS) Eb(U6p 1 /2) Eb(Ués) Eb(O 1 S) Eb(USds/z) Eb(U5d3,'2) AES.(,[ I/[() Eb(U5p3/2)

(see?) (see®) (see®) (see?) (see ) (see®)
UF4 9.0 20.1 48.3 99.1 107.1 7.0 10 195.9, 199.8, 203.0
UO,F> 6.7 15.6,20.1 4.5 0.174 223,249 2.6 49.3 532.4 99.2 107.9 4.1 5 200.2
K4UO»(CO3)3 5.1 14.6,19.8 5.2 0.172 22.7,244 1.7 28.8,31.2 47.1 531.4 98.1 106.5 3.4 20 195.0, 198.5, 200.6
UO»(OAc),-2H,0 6.0 15.6,19.8 4.2 0.174 23.3,253 20 28.4,31.4 49.0 532.3 98.8 107.4 3.6 8 199.8,205.4
NaUO>(OAc); 5.8 15.1,20.0 49 0.173 223,251 3.0 28.6 48.2 532.2 98.5 107.3 3.8 19 199.5
CsUO»(OAc)3 5.6 15.2,20.1 4.9 0.173 49.5 532.1 98.4 106.9 3.4 20 193.8, 199.8, 204.0
UO»(NO3)2-2H-0 6.4 19.9 4.0 (<0.175) 26.0,27.5 1.5 29.0,31.4 48.0 533.6 99.2 107.7 3.2 20 202.2,204.1
CsUO»(NO3)s 6.9 20.1 3.5 (<0.176) 24.6,272 2.6 29.9,32.2 49.0 533.9 99.5 108.1 3.5 20 200.2,203.0
RbUO»(NO3)3 6.5 203 3.5 (<0.176) 258,273 1.5 29.7,32.5 50.3 533.6 99.9 107.9 200.4
UO2(DMSO0)5(ClO4)> 6.0 17.1,20.9 3.8 0.176 256,274 1.8 30.2,32.5 46.7 532.4 98.8 107.6 2.5 20 190.8, 199.8, 204.9
K4UO,(00);-5H,0 49 14.5,19.5 5.0 0.172 249,267 1.8 30.7 531.5 97.2 106.1 3.4 20 190.7, 198.4
CaU020, 52 15.7,17.2 1.5 0.191 21.6 29.2,30.0 530.2 97.6 106.3 4.0 10 195.3,199.0
K3UO,Fs 6.7 155,195 4.0 0.175 226,245 1.9 30.0, 33.0 47.6 531.9 99.2 107.8 2.4 8 197.4,200.3
Cs3UO;Fs 5.9 153,193 4.0 0.175 50.7 531.6 98.9 107.4 2.8 5 191.8, 198.4
Cs,UO,Cly 5.6 154,198 44 0.174 245,265 2.0 30.9,32.8 48.2 531.6 98.1 106.9 3.3 20
Cs,UO;Bry 4.6 15.2,19.8 4.6 0.173 30.8,32.9 49.9 532.4 97.8 106.9 3.7 20 199.4,203.7
Compound Eb(USp 1 ,'2) Eb(U4f7’,2) AESat Eb(U4f5’/2) AESal 1/[() Eb(U4d5/‘2) Eb(U4d3’/2) Eb(U4p3,'2) L (n[,-) Eb[L (nl/)] L (nl/-) Eb[L (}’ll/)]

(see®) (seed) (seed) (see®)
UF, 264.5 382.7 73 393.5 6.9 20 741.2 783.6 1048.1
UO,F> 264.1 383.4 3.5 394.1 35 10 741.5 784.0 1048.2 F2s,1s 29.9, 685.3
K4UO2(CO3)3 263.8 382.1 3.7 3929 3.7 18 740.6 782.7 1047.1 K3p32,3s,2s 16.9, 32.8,377.4
UO,(OAc),-2H>0O 261.4 382.7 3.7 393.6 3.8 12 741.3 783.9 1047.5
NaUO»(OAc)3 264.6 382.6 3.6 393.5 3.5 20 740.1 783.1 1047.1 Na2psp»,2s,1s  30.5,63.5, 1071.6
CsUO»(0OAc)3 382.4 3.5 393.3 35 18 782.8 1048.3 Cs5p3j2,5s,4s 11.0, 23.9, 230.2
UO>(NO3)>-2H,0 383.1 33 394.0 33 18 741.9 784.8 1048.7 Nls 407.8
CsUO2(NO3)3 264.7 383.3 3.5 394.1 3.6 16 783.6 1048.1 Cs5p32,5s 10.8,24.1 Nls 407.9
RbUO>(NO3)3 383.0 3.4 393.8 3.4 18 742.0 784.0 1049.0 Rbdp;2,4s 14.2,29.7 Nls 407.8
UO,(DMSO0)5(ClO4)> 382.9 2.8 393.6 2.8 17 741.4 783.5 1051.8 S3p.2s 12.0,230.8 ClI3s,2p3)2 15.0, 208.1
K4UO>(00);3-5H,0 266.9 381.3 4.2 392.2 4.0 17 739.6 781.8 1055.7 K3p32,3s,2s 17.2,33.1,377.5
CaU0,0, 261.0 381.6 3.7 392.4 3.8 8 740.4 782.8 1047.3 Ca3ps),3s 25.0,44.2
K3UOFs 262.8 383.2 2.4 394.1 2.4 7 741.8 784.0 1049.2 K3p3/2,3s 17.1,33.1 F2s,1s 28.5, 684.2
Cs3UO,Fs 382.8 2.8 393.6 2.8 5 783.1 1046.5 Cs5p3/2,5s 10.3,23.3 F2s,1s 28.1,683.8
Cs,UO:Cly 382.1 3.7 393.0 3.8 15 783.1 1044.9 Cs5p3)2,5s 10.2, 23.6 Cl3s,2p3)2 15.8,198.8
Cs,UO,Bry 381.7 3.7 392.5 39 25 783.3 1047.6 Cs5p3/2,5s 10.3,23.7 Br4s,3ds) > 26.4,69.1

2 Weight average binding energies. ® Determined upon estimation of the bond lengths in the UO%+ groups on the basis of relation (8). The values in parentheses are given with an accuracy of £0.002 nm. ¢ The E},
values for the peaks in the corresponding binding energy ranges. ¢ A Es,, for the most intense satellites.
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Table 8. Symmetry of the environment of UO%Jr in compounds, binding energy differences (AE;, 4;/eV) for various electronic levels, U — O, bond lengths
(Ry—o /nm) in UO%+ and distances from uranium atoms to equatorial atoms of the ligands (Ry_ 1 /nm).%*

Compound Cluster Group nofn. AE; AE, A A Ay 4, Ru_o Ru_L Symmetry
of sym- (see?) (see b-©) (see P-©) of the en-
metry vironment

of UO3*
(see -d)

y-U (1) U0~ O 360.6 - - - — - 0.297¢

U0, (2) [U0-04"~ Dg  2:6 3629f  — 23 29 —  — 0237

Ca(U02)02 (3) [UO206 '~ D¢y 2:6 365.9 364.4 5.3 6.1 3.8 - 0.191 0.229 Se

CsUO(NO3); (4) [UO-O04"~ Dg  2:6 (367.00¢ 3632  (64) 74 26 41 0.180 0.250 D3y (C3)

RbUO(NO3); (5) [UO,Og'~ D¢ 2:6 (367.2) 3627  (6.6) 80 2.1 0.1782)  0.248(1) D3, (C3)

UO0(NO3)2(H-0)5 (6) [UO:O("~ Dgi  2:6 (367.4) 3632  (68) 74 2.6 35 0176(1)" 02485  Co

K4UOA(CO3)s (7) [UO:0¢)'~ Dg  2:6 3675 3623 69 76 17 3.0 (0.175) (0.260)

UO(OAC)»(H-0): (8) [UO-O4®~ Dg  2:6 3671 3629 65 72 23 31 0172 0.250 Cay (C2)

NaUO5(OAc); (9) [U00'~ Dg  2:6 3675 3626 69 — 20 35 0171 0.249 Day (Cs)

CsUO(OAC); (10) [UO,04"~ Dg  2:6 3672 3623 66 80 17 3.5 (0.178) (0.261)

K4UO,(CO);-5H>0 (11) [UO20¢)1°—  Dgy 2:6 366.8 361.8 6.2 7.9 1.2 3.3 (0.182) (0.270)

UO-(DMSO)5(CIO.) (12)  [UOOsF—  Ds, 3658 3620 52 59 14 31 (0.192) (0.266)

UO,F; (13) [UO2Fg)*~  Den 2:6 367.8 363.3 72 - 2.7 32 0.174(2) 0.243(2) Se

UF, (14) UF- Day 36260 — 20 25 —  — 0.229(3)

K3UO-Fs (15) [UOFs$— Ds  2:5 3677 3637 71 — 31 35 01763) 02243)  Ds

Cs;UO,Fs (16) [UOEsP~  Dsy  2:5 3675 3635 69 — 29 35 (0.175) (0.239) Ds,

y-UOs (17) [UO0uf~ Du  2:4 3667 3630 61 71 24 32 01796) 023005

Cs>UOCl, (18) [UO-CLPE— Da  2:4 3667 3623 61 74 —  — 018l 0.262 Dan (Do)

Cs,UO,Bry4 (19) [UO2Bra>~ Dy, 2:4 366.5 361.9 59 7.6 — — 0.169 0.281 Dy,

Note. The AE;, AE, A', Ay, A5, A, parameters are shown in Fig. 23. They have been found using the values AEy [AE(U6p32) = 360.6 eV, AE(U6p1 ) =
350.6 eV], AEo = 508.1 eV, AEr = 655.3 eV, AE(U6p32 — O2s) = 2.1 eV. The AE; and AE; values were measured to an accuracy of 0.2 eV; the A,
Ay, 45, 4, values, to an accuracy of +0.3 eV. 2 Ratio of the number of oxygen atoms located in the axial position (Oax) to the number of ligand atoms
located in the equatorial plane. ® Data of the studies 40~242 ¢ The Ry _o values given in parentheses were measured to an accuracy of £0.002 nm, the
Ry _1 values, to an accuracy of +0.004 nm. ¢ Experimental results. © Bond length between the closest uranium atoms in metallic y-U.?*? f For UO, and
UF4, the AE; and 4; differences are shown in Fig. 24. £ The values in parentheses are AE; determined using relations (9) and (10). ? The average Ry _ o and
Ry _1 values are underlined.

six.96:98 The presence of the UO3" group may be indicated, in
particular, by the structure of the XPS spectrum in the U6p and
O2s ranges. Thus in the fluoride UF4, the uranium ion occurs in a
relatively symmetric environment formed by fluorine atoms (D44
group of symmetry). In this case, as for UO3, the XPS spectrum of
the U6ps,» electrons exhibits a single line (see Fig. 19). The
uranium environment in the UO,F> molecule is less symmetric
(Den group of symmetry), and the spectrum shows two compo-
nents of the U6psz. line. The spectra of UO,F> and UF4 exhibit
fine structure over the whole U6p and O2s-, F2s binding energy
ranges (see Fig. 19246-24%) The O2s and F2s lines in the XPS
spectra of these compounds are much broader than the corre-

sponding Ols and Fls lines and exhibit a fine structure. The USE.7 === == 7;alg
binding energy difference AE;(6p3/2 — 4f7/2) = 362.6 eV for UF4 Opr 1bay
is much greater than the similar value AE; = 360.6 eV for uranium 4az
metal (Table 8, see also Table 5). This is consistent with the Cl3p 1:eg
assumption that the U6ps), line in the spectrum of UF4 is not
atomic, but is due to electrons of an antibonding MO. Therefore,
it has been suggested 47-35-246-248 that the structure of low energy y %22“
spectra of UF4 and UO»F; is mainly due to the effective formation OB // 3a1,
of IVMO largely composed of U6p, O2s and F2s AO. In the case U6p \\/\— %EZg
of UO,F,, this is in qualitative agreement with the results of O3 & 2a1,
calculation of the electronic structure of the [UO,F¢]*~ cluster \\
(Dgp, group of symmetry).246—248 \\\

The low binding energy region of the XPS spectrum of \ lasy,
Cs,UO;>Cly shows a more complicated structure than the spec-
trum of UO,F,, due to the Cs5p and Cs5s lines present in this AO MO
energy range (Fig. 20). The line for the CI3s electrons that belong

to chlorine atoms arranged in the equatorial plane occurs in the
binding energy range of the U6p electrons, which implies a more
essential involvement of the CI3s AO, together with the U6ps)»
AOQ, in the formation of IVMO than in the case of the F2s and
U6ps)> fluorine and uranium AQ.26-47

The results of non-relativistic SCF X,-SW calculation 2¢ for
the electronic structure of the [UO,Cly]>~ cluster (D, group of
symmetry), which mimics the local environment of uranium in
Cs,UOCly molecules, provide a qualitative interpretation of the
low binding energy spectrum of the compound under consider-
ation (see Fig. 20). The energy range of OVMO, mainly consisting
of the USf, U6d, O2p and ClI3p AO, covers 3.9 eV, which is

a b

U,0,Cl  [UOLCLP~

Figure 20. Diagram of MO in the [UO,Cl4g]*>~ cluster (D4, symmetry)
based on the data of X,-SW calculations (a) and XPS spectrum of
Cs,UO,Cly (b).2% 47 The dashed line in Fig. 20 b shows the background.
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U6ps, Ubp1» O2s Ubps,
U6p]‘,2 02s 3/2 1/2 3/2

0 20
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Figure 21. Low-energy range of the XPS spectrum of oxygen-containing
uranium compounds.2¢-47
(a) UO2, (/)) UOz(OAC)z'szo, ((’) K3U02F5, (d) NaUOQ(OAC)3, (6)

CS3U02F5, (f) CSUOz(OAC)3, (g) CSzU02C14, (h) K4U02(CO3)3,
(i) Cs2UO2Brs,  (j) UO2(NO3)2-2H20, (k) UO2(DMSO)s(ClOy),
() CsUO(NO3)s3.

comparable with the experimental width of these lines in the
spectrum, which equals 3.2 eV. In this compound, IVMO are
formed efficiently from U6p, O2s and CI3s AO.

The fine structure caused by the IVMO electrons is observed
also in the XPS spectra of other uranyl compounds (Fig. 21).4
The line near the binding energy zero also corresponding to USf
electrons not involved in chemical bonds is not detected for these
compounds. This is in qualitative agreement with the known fact
that the oxidation number of uranium in these compounds is six.

The OVMO-related bands in the spectra of uranyl compounds
are characterised by FWHM of ~3—4 eV and by poorly resolved
structures (see Fig. 21). The binding energies of these electrons in
oxygen-containing uranium compounds measured as weight aver-
age values of the components lie in the range of ~5-6 eV (see
Table 7). If fluorine or the NO3 group are present as ligands, these
values are somewhat greater (~7 eV).

The XPS spectra of the compounds in question in the IVMO
region may become more complicated due to the overlap with the
lines due to alkali metal ions. However, these lines can be
interpreted rather easily

b. The IVMO spectral structure and the structure of uranyl
compounds

In an early stage of the XPS studies of uranyl compounds, it was
found 45-47,55,65.66,92,93,104 that the line splitting in the U6ps;
binding energy range [AE(U6ps)»)] depends on the bond length
Ry _o in the UO, group (Fig. 22). It has been suggested 4° that
this splitting is due to the crystal field.

AE(U6ps)) eV
6 F

Ry _o /nm

Figure 22. Dependence of splitting A E,(U6p3/2) on the Ry — o bond length
in the UO3™ group [see Eqn (7)] for a number of uranium compounds.
(1) UO2COs3, (2) LiUOyF3-2H,0, (3) NaUOF3-2H,0, (4) UO2C,04-
3H20, (5) B-UO2(OH)z, (6) y-UOz(OH):, (7) Li2Uz07, (8) LiU3zOno,
(9) Li2U04, (1()) 0-NaUOy, (11) CaUO4, (]2) Cr,UOg, (13) UOze, (]4)
UO»(NO3)2-2H,0, (15) y-UOs; the light circles show the data from the
study;>> dark circles, from the study.*

The dependence of the AE(U6ps)») value on Ry_—o shown in
Fig. 22 can be expressed as follows:

AE(U6p3n) = —1.59 +0.138(Ry_o — 0.149)~ 1. (7)
Hence, the expression for Ry _ o has the form
Ru_o =0.149 +0.138[AE(U6p3,2) + 1.59] 1. (8)

Equation (8) can be used to estimate the Ry — o bond lengths in
the UO%+ groups in these compounds (see Table 7).

A more profound understanding of the nature of the fine
spectral structure in the low binding energy range of uranium
compounds can be gained from theoretical and experimental
results which allow one to consider the data on fine XPS spectral
structure from a different standpoint.4 26.97-107-109.245 Compar-
ison of the E}, values for the outer electrons for various uranium
compounds does not provide a vivid representation of the depend-
ence of spectral characteristics on the properties and structures of
these compounds. Indeed, the U6ps,» binding energies usually
change little on passing from one compound to another (see
Table 7). Therefore, for elucidating the regular features of the
formation of IVMO structure, the binding energy differences
between the valence and core electrons (AE;) in these compounds
have been considered (see Table 8). The data of Table 8 are
illustrated by the MO diagram for the [UO,Og]'~ cluster (Dg,
group of symmetry), which reflect the local environment for a
large number of oxygen-containing uranyl compounds (Fig. 23).
The diagram shows the binding energy differences AFEvy,
AE,—AFEs, AEo and AEL. The AE; values for uranium metal and
its compounds can be measured experimentally. This provides the
values A1, A3, A3 and A}, A5, A5, which characterise quantitatively
the type of MO (bonding, antibonding, non-bonding) and the
degree of participation of the corresponding AO of the neighbour-
ing atoms in the MO formation (see Fig. 23). Thus, the MO
structure for uranium compounds can be determined experimen-
tally.

The above results imply that, to a certain approximation,
ligand atoms located in the axial positions and in the equatorial
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Figure 23. Diagram of MO energy levels in [UO»O¢)'~ (D¢, symmetry)
constructed using experimental data and results of calculations.?% 48

The chemical shifts of the energy levels upon the formation of the cluster
from single atoms are not shown. The arrows show the energy differences
that can be derived from experimental spectra.

plane around a uranium ion influence in different ways the XPS
spectral structure in the low binding energy range. Thus, it is
possible to obtain experimental dependences of the spectral
structure parameters in the given range on both the Ry_o bond
length in the UO%+ group and the Ry_y distance between the
uranium atom and the ligands L located in the equatorial plane
(Fig. 24).

As an illustration of the efficiency of IVMO formation in
uranium compounds, Fig. 24 shows also the AEy and AE) values
for the oxide UQs. It can be seen that the formation of a chemical
bond in uranium compounds is accompanied by a substantial
relative shift of the upper 2a, IVMO towards lower binding
energies (by more than 7.0 eV). This value is 1.5 orders of
magnitude higher than the experimental error and can serve as a
reliable and convincing proof for the effective formation of IVMO
in uranium compounds. The dependence presented in Fig. 24 a
has the form

AE| = 356.07 + 0.55(Ry_o)~ 175, ©
hence,
0.55
Ru_o = (10)

(AE, —356.07)"""

364

362

360

364

362

360

0.20 RU_L/nm

Figure 24. Dependences [see Eqns (9), (11)] of the relative binding energies
AE; (Ubps 2 — Udf;)) on the Ry_o,, bond lengths (a) and distances from
the uranium atom to the ligand atom in the equatorial plane Ry (b) in
the uranyl compounds (the dots are experimental data, the curves
correspond to the calculation).4$- 94

The theoretical curve in Fig. 24 b corresponds to oxygen-containing
compounds (L = O) with D¢, symmetry. Here and in Fig. 25, the numbers
of dots correspond to the numbers of compounds in Table 8; the light
circles are oxygen-containing ligands; dark circles, F, Cl; triangle, y-UOs5.

where AE] is expressed in eV, and Ry — o, in nm. Equations (9) and
(10) have been used to determine the AE) values and bond lengths
in the uranyl groups of some compounds (see Table 8).

When constructing the experimental dependence of the rela-
tive U6ps/» binding energy in the high energy spectral range on the
Ry 1 bond length for uranyl compounds, several points are to be
borne in mind (see Fig. 24 ). First, the structure of the local
environment of the uranium atom in these compounds should be
described by the same cluster, specifically, [UO,Lg]'°~ (D¢, group
of symmetry). Second, the ligands should be identical. In this
particular case, an oxygen atom acts as the ligand L and the
influence of substituents is neglected.

For such compounds, the relative electron energy (AE») obeys
the following dependence on the bond length Ry

AE> = 343.84(Ry_1)~09%; an
this can be transformed into the expression
383.84\ 27!
Ry_L= 12
vt ( AE, ) ’ (2

which allows one to determine the average distance from the
uranium atom to the equatorial oxygen atoms based on the AE,
value. For comparison, Fig. 245 shows the data for uranyl
compounds with oxygen-free ligands in the equatorial plane
(L = Cl, F). As was to be expected, some of the points markedly
deviate from the basic curve (see Fig. 24 b). Figure 25 shows a
more comprehensive dependence 269719 of the AE; values on
Ryu_o in the UO3" group, which reflects the variation of the
IVMO energies and agrees qualitatively with the results of
theoretical calculations.?- 102 Relations have been proposed %>
for determining the distances from the uranium ion to the nearest
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Figure 25. Experimental dependence of binding energy differences
between the core and valence electrons corresponding to AE;(2azy),
AE2(261U), AEg(lelu) and AE4(1a2u) for the [U02061107 cluster (DG/—,
symmetry).!% The designations of AE; are given in Fig. 23.

ligand ion in the axial and equatorial positions in the uranyl
compounds on the basis of U6ps) line splitting AE:

ai
Ry_o=bin| ——— 1
Uu-o0 bln(cl—i—AE)’ (13)
_ @
Rut bzln(—cz “ AE), (14)
where a; = 157 eV, a» =348 ¢V, by = b, =0.0609 nm, ¢, =

8.57 eV, c2 = 15.0 eV.

Note that for uranyl difluoride (UO,F>), the formation of
IVMO was confirmed by X-ray O4s5(U) emission spectro-
scopy. 246248

c. XPS spectra of the core electrons

The XPS spectra of the core electrons of uranyl compounds
resemble in many respects the corresponding spectra of uranium
trioxide. The above considerations concerning the nature of the
fine structure in the spectra of uranium oxides are largely valid for
the spectral structure observed for uranyl compounds in the
energy range of core electrons.

The U4f;, line is used most often to determine the uranium
oxidation state in compounds. The difference between the U4f;),
binding energies for the UO, and y-UOs3 oxides equals 1.5 eV.
Thus, the binding energies of the core electrons can, in principle,
be used to draw conclusions about the oxidation state of uranium
in a particular compound; however, this determination of the
oxidation state is not always legitimate. For example, for
K4UO»(CO);- 5 H,0 containing U+, the U4f7, binding energy
is lower than this value for the fluoride UF4 in which the formal
oxidation state of uranium is four (see Table 7). This indicates
that for determining the oxidation state of uranium in com-
pounds, one should resort to the whole set of data on the binding
energies of the valence and core electrons and the relevant fine
spectral structure.

As noted for oxides, the oxidation state of uranium can be
derived from the structure of shake up satellites. The structure
related to many-body perturbation is most pronounced in the U4f
and U5d spectra.” It should be noted that in the spectra of uranyl
compounds, the low-energy shake up satellites occur on the higher
energy side (by ~3—4 eV) of the basic lines of the U4f doublet and
have a ~20% intensity (see Table 7). The spin—orbit splitting of

the U4f level is virtually constant for different uranyl compounds
being equal on average to 10.9 eV [for uranium metal,
AEg(U4f) = 10.8 eV].37 The spectra of compounds containing
U4™ ions display satellites at a distance of ~7 eV from the basic
lines.

Unlike the spectrum of UO», in the spectra of uranyl com-
pounds, the U5d lines are sharp. This is probably due to the fact
that the spectra of the UO, oxide, which contains U5f electrons,
exhibit multiplet splitting in the U5d binding energy range. The
average spin—orbit splitting of the U5d level found from the
spectra of uranyl compounds [AE (U5d) = 8.6 eV] is in good
agreement with the corresponding value for uranium metal
(8.6 €V).>7 The shake up satellites that arise in the U5d range
complicate somewhat the spectra of these compounds but barely
influence the spin— orbit splitting.

The US5p spectra exhibit a complex fine structure, which
markedly suppresses the intensity of the U5Sp;/» component.*” In
the case of uranium oxides, the formation of this fine structure has
been attributed 47-3%-5¢ to the dynamic effect manifested in this
range, which gives rise to final states of the type
U5p35d19(6s26p©)5f° = USp®5d3¥(6s26p®)5f!. The data obtained
for uranyl compounds do not contradict this assumption.

The first detailed study of the Udps; spectra of uranyl
compounds has been reported.*” In all cases, the spectral structure
was similar to the structure of the U5p spectra. These data are
consistent with the assumption, based on the spectra of uranium
oxides, stating that the structure in the U4p3» spectra is due to the
dynamic effect, resulting in the final states of the type
U4p>4d104£14552(5p05d196s26p©) 50 = Udp®4do4f145s!(5p®5d10.
.6s%6p%)50np!.

The U4d binding energy range also contains a fine structure,
which is characteristic of particular compounds.>> The doublet
lines in the spectra are sharper than in the case of tetravalent
uranium. The average spin—orbital splitting [AEy (U4d)] deter-
mined from the spectra of uranyl compounds is 42.4 ¢V, which is
somewhat greater than the value of 42.1 eV found for uranium
metal.’

On the basis of the U6s spectra of oxides, it was concluded that
the final states described by the configurations U6s'6p®5f%6d° and
U6s26p*5f%d! can arise with comparable probabilities upon
photoemission of the U6s electrons from uranium compounds.>°
This gives rise to a spectral structure extending for ~40 eV. The
U6s spectral structure is characteristic of uranyl compounds and
can be used for identification.

The experimental results on the binding energies of core and
valence electrons and fine structure parameters of the XPS spectra
altogether allow one to determine unambiguously the uranium
oxidation states in compounds and to draw conclusions concern-
ing the structure of the local environment of the central uranium
atom and the nature of the chemical bond between this ion and the
neighbouring ligand atoms. Procedure for quantitative elemental
and ionic analysis of uranium compounds and for determination
of the oxidation states of other ions involved on the basis of fine
structure parameters of the XPS spectra of core and valence
electrons has been elaborated.*7-33.55.94

3. Natural uranium oxides
Determination of the relative contents of uranium ions in different
oxidation states and the structural and phase compositions of
natural uranium oxides (pichblendes) is very important for study-
ing the conditions of formation of uranium deposits and for the
exploration and development of the deposits.?® Therefore, the
possibility of using XPS studies for solving these problems has
been evaluated. ©> % The oxygen coefficients of the natural UO,
oxides were determined according to the standard procedure;® the
specimens of minerals were taken from the collection of the
researchers.®¢

The structure of the low binding energy XPS spectra of the
natural oxides UO, has much in common with the corresponding
structure of complex synthetic oxides.®® The spectra of all natural
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oxide samples exhibit a relatively sharp line around a zero binding
energy, which is assigned to the US5felectrons not involved directly
in the chemical bond. The U6p and O2s spectral range exhibits a
structure partially attributed to the IVMO electrons in natural
uranium oxides. This spectral range can exhibit lines for the lead
oxide PbO (Pb5ds, and Pbsj electrons, 19.5 and 21.8 eV,
respectively; Pb6s electrons, 9.5 eV).>> The possible occurrence
of lead impurities in natural uranium oxides and complication of
the structure caused by the Pb lines is taken into account in the
identification of spectral peaks. The O2s energy range can also
exhibit additional lines from oxygen atoms of the concomitant
oxides and water molecules adsorbed on the oxide surface.
Despite this possible complication of the spectra of natural
uranium oxides, the most information-rich spectral ranges (0—4
and 10-20 eV) are almost free from impurity-related lines.

The line of the unbound U5f electrons in the spectra of natural
uranium oxides is rather narrow and can be easily distinguished
from the overall spectrum. The relative intensity of this line
changes with an increase in the oxygen coefficient x in the range
of 2.13 < x < 2.24, as in the case of synthetic oxides (see Fig. 10).
Then the intensity jumps up, and in the 2.47 < x < 2.68 range, it
decreases according to the same law as observed for UO; and
v-UO3 mixtures (see Fig. 10).

The dependences of the lines for the U5f electrons not involved
in the chemical bond on the x value established for synthetic
oxides allow one to determine the ionic composition of the
pitchblende studied (Table 9). This is done assuming that the
natural oxides can contain three types of ions, U**, U>* and
U®*. The results obtained in this approximation lead to the
conclusion that an increase in the oxygen coefficient x in the
range 2.13 < x < 2.24 entails a sharp decrease in the U*™ content
in the pitchblende. On further increase in x in the range
2.47 < x < 2.68, the concentration of U#™ ions increases and the

concentration of the U®* jons decreases. No U3+ ions are present
in the natural oxides in this x range.

The IVMO spectral range corresponding to the U6p and O2s
AO (binding energy range 10—20 eV) exhibits a series of peaks.
On the basis of binding energy differences between the core and
inner valence electrons, one can distinguish lines corresponding to
the IVMO of the U**, U and U®* ions. With allowance for
relations (9) and (10), these data permit one to estimate the Ry _o
bond lengths in natural oxides (see Table 9).

Analysis of the spectral structure of natural uranium oxides in
the U6p—02s binding energy range and the intensity of the line
for the USf unbound electrons shows that natural uranium oxides
are composed of several structural phases containing U4+, U>*
and U®* ions (see Table 9). The same conclusion can be drawn on
the basis of the data on the core electron spectra.®® For example, it
follows from the U4f spectral structure that natural uranium
oxides contain uranium ions in different oxidation states. This can
be seen from both the shapes of the U4f lines and the structure of
shake up satellites, which cannot be described as a superposition
of individual U4f satellites due to U4+ and U°*, but is more
complicated.

The decomposition of the U4fy, line into components has
made it possible to determine the relative concentrations of
uranium ions in different oxidation states. The results were similar
to those derived from the line intensities of unbound U5f electrons
(see Fig. 10, Table 9). The U4f;, binding energies presented in
this Table were found as weight-average values for the electrons of
the components, which characterise the uranium ions in different
oxidation states. As expected, these values grow upon an increase
in the U%* concentration in the samples. The substantial broad-
ening of the U4fy/, line compared to the narrower lines observed
for individual UO, and y-UO;3 oxides is itself an important

Table 9. Binding energies (Ey / V), binding energy differences (AE;/eV), line widths at half maximum (" / eV), relative contents of uranium ions [k (%)]

and bond lengths [Ru—_o, Ru—oq,)/nm] in natural uranium oxides.

Parameter UO2.13 UO223 UOz.24 UO2.47 UO2.47 UO2.60 UOz.63 UO2.68
(see ) (see?)
En(US5f) 2.0 2.0 2.0 1.9 2.0 2.0 2.0 1.9
E,(OVMO) 6.2 6.3 6.2 6.1 6.2 6.1 6.2 6.1
Eo(U6p3 ) - - 7 14.0, 14.0, 7 14.1, 14.0,
15.4, 15.5, 14.4, 15.7, 16.0, 14.7, 16.0, 16.1,
17.3, 17.5, 18.0, 18.2, 18.2, 17.7, 18.0, 17.9,
19.0 19.5 19.6 20.5 20.6 19.8 19.5 19.9
AE/(Ubps)») 36 40 52 438 46 5.1 35 38
Eu(Ubpy1/2) 28.6, 28.7, 28.7, 28.3, 28.5, 28.8, 28.9, 28.7,
30.1 31.2 30.7 30.5 30.2 30.6 30.9 30.1
En(02s) 22.8, 22.8, 22.9, 23.0, 23.5, 22.9, 23.0, 23.0,
254 25.1 25.6 25.0 26.0 259 25.6 25.5
AE;(02s) 2.6 2.3 2.7 2.0 2.5 3.0 2.6 2.5
En(Ols) 530.5, 530.8, — — 530.5, 530.5, — —
531.7 532.1 532.0 531.7 532.0 532.0 532.1 531.3
AE;(Ols) 1.2 1.3 — — 1.5 1.5 — —
En(U4f7)) 381.4 381.6 381.7 381.9 381.5 381.9 381.7 381.8
[(Ud4f)) 2.9 27 26 2.7 2.0 27 25 29
k(U4t)b 33 12 2 60 60 49 37 32
K(US*)b 54 65 74 — - _ _ _
k(Ué*t)b 13 23 24 40 40 51 63 68
Ry_o(UH)e — — — 0.168, 0.168, — 0.169, 0.170,
0.180 0.181 0.172 0.183 0.186 0.174 0.186 0.187
Ry_o(U*t)e 0.223 0.227 0.236 0.240 0.240 0.230 0.236 0.234
Ru_o@y(Us*)e 0.241 0.250 0.252 0.268 0.270 0.255 0.250 0.257

aThe samples were obtained from different deposits. ® The error of measurement of k is +10%. ¢ The error of measurement of Ry_o(U”*) (n = 4, 6) is

+0.002 nm, that for Ru_o@,)(U®*") is £0.004 nm.
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indication of the fact that pitchblende contains uranium ions in
different oxidation states.

The lines of the U5d and U4d doublets of natural oxides are
broader than the corresponding lines in the spectra of synthetic
uranium oxides. As the content of Ut ions in the samples
increases, the USd and U4d binding energies measured as the
weight average values for different states of ions increase by about
1.0 eV. A more complicated structure than that observed in the
spectra of synthetic uranium oxides is also found in the U4ps),,
USp and U6s spectra of natural oxides. These data confirm that
natural uranium oxides do not show complete similarity to either
complex synthetic oxides or mixtures of simple uranium oxides
but represent complex structural phases. It follows from the
obtained results that at 2.13 < x < 2.24, the natural oxides UO,
are closer in properties to berthollides, while at 2.47 < x < 2.68,
they are closer to daltonides.’

The XPS data obtained for a broad range of technologically
important uranium compounds show that the fine structure
parameters of their spectra reflect the properties of these com-
pounds, the nature of the chemical bond in them and the
secondary electronic processes which accompany the electron
photoemission.

IV. Neptunium compounds

In recent years, studies of physicochemical properties of neptu-
nium compounds have attracted considerable atten-
tion.!>3-239.249.250 Neptunium dioxide NpO,,*!-7 single crystals
of Cs;NpO,Cly and CspNpOyCly,>-3380  the compounds
CspNpO2(0Ac)s, NaNpO2(OAc); and RbNpO,(NO3), -2 H,0 >
have been studied by XPS. A number of studies have been devoted
to elucidation of correlations between the fine structure parame-
ters of the XPS spectra of outer and core electrons and the
neptunium oxidation states in compounds,** 8%-8! magnetic prop-
erties,** 8990 the nature of the chemical bond (Refs 36,41, 5153,

55, 81, 87-90, 115) and the secondary electronic processes.>> 3¢
Non-relativistic X,-SW calculations have been carried out for the
electronic structure of the NpO%+ cluster (D, group of symme-
try) with Rnp—o = 0.171 nm,'"> while calculations for the
[NpO2Cly>~  cluster (D4, group of symmetry) with
Rnp—o = 0.171 nm and Rnp—1 = 0.262 nm were carried out in
the relativistic X,-DV approximation.3¢

In a number of studies,>!> 3353, 56,80, 114,115 the XPS spectra of
several neptunyl compounds (Table 10) have been analysed in
order to establish the relationships of the spectral structure with
the properties and structures of the compounds and the nature of
the chemical bond in them. A key goal was to confirm the assumed
formation of IVMO in neptunium compounds, which has been
established for thorium and uranium compounds on the basis of
the XPS spectral structure.

1. The low binding energy range of the spectra

The structure of the low binding energy XPS spectra of neptunyl
compounds is fairly similar to that of the corresponding spectra of
uranyl compounds. Since these compounds contain other ele-
ments apart from neptunium, the low binding energy range of the
spectra exhibits an additional structure caused by electrons of
these elements, which markedly complicates interpretation of the
fine structure of the spectra of neptunium compounds. Thus the
neptunium lines in this binding energy range in the spectra of the
Cs3NpO,Cls and Cs>NpO»Cly single crystals are overlapped by
caesium and chlorine lines and their satellites, which occur on the
higher-energy side of the basic lines (Fig. 26). The spectra of other
neptunium compounds also exhibit additional lines (Fig. 27). For
comparison, Fig. 27 shows the spectra of NaOAc and Ni(NO3),.

a. The spectra of the Np5f electrons

The spectra of the studied neptunium compounds exhibit a sharp
line near a zero binding energy (the Fermi level for metals), like the
spectra of U*™ (see Figs 26, 27). As the oxidation number of

Table 10. Binding energies (Ep,) >> and photoionisation cross-sections (o) of neptunium compounds.?%3

Orbital Ey eV o
Np, L (nl)) (see d-¢)
NaNpOz(OAc)3 CSszOzCl4 RprOz(NO;)z CSszOQ(OAC)3 CS3Np02C]4 Np02 Npthenr
(see?) (see?) (seeP) (seeP) (see®) (see©) 7 (see ) 178
Np5f 34 3.3 2.9 2.3 2.5 - 7.4 0.52
OVMO (see’) 5.9 53 5.4 43 49 - -
Np6ps 2 15.7, 15.5, - - 15.7, - - -
20.2 20.0 19.3 18.9 18.6 17.5 24.6 0.39
Npb6p1,2 — 30.6 — 30.4 30.0 29.3 36.2 0.14
Npb6s 50.5 50.2 49.8 49.7 48.7 — 57.2 0.17
Np5dsp 102.7 102.4 101.5 100.8 101.1 100.9 107.1 3.62
Np5ds) 112.2 112.1 — 109.9 110.0 — 120.4 2.46
Np5p3/2 (seef) 207.6 208.7 205.5 206.9 207.3 206.3 220.8 2.31
Np5p1/2 — — — — — — 280.7 0.68
NpS5s (see 2) — 338.7 3354, 344.1 335.1,344.2 335.2,343.9 — 349.3 0.75
Np4f7) 405.2 404.6 403.6 403.0 403.4 402.5 408.4 29.18
Npéfs), 417.0 416.4 415.3 414.6 415.2 414.3 420.9 2291
Np4ds)» 771.8 771.4 770.7 769.6 770.3 771.2 779.6 17.44
Np4ds)» 816.7 816.0 815.8 814.8 815.4 816.1 824.9 11.44
Np4ps)2 1087.5 1087.4 1086.9 1086.0 1086.1 — 1096.6 7.83
02s 24.2, - - — - 23.8 0.14
26.0 25.8 27.0 27.2 26.2
Ols 532.0 531.9 531.5,533.1 531.5 532.3 529.7 2.93
Cls 288.8 288.3 284.5 1.00
Nls 407.1 1.80

2 The state of neptunium is described as Np®™. b The state of neptunium is described as Np®>*. ¢ Np**. 4 For atomic neptunium. ¢ The s values were
obtained at 1487 eV and are expressed in 13.6 b per atom shell. “Weight average Ey, values for fine structure components. € The Ey, values corresponding

to the most intense peaks in the fine structure of the corresponding binding energy range.
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Figure 26. XPS spectra of the single crystals of Cs;NpO.Cls (a),
Cs3NpO2Cly (b), Cs2UOLCly (¢), containing the NpO%*, NpOEr and
UO3" groups, respectively, in the low binding energy range. 80

Table 11. Relative intensity of the Np5f line [/;;" = I(Np5f)/I(Np4f;)5)
% 10?] in the spectra of Np”* compounds, effective magnetic moment
(tefr / nB) and Weiss temperatures (0 / K).>®

Compound Np"+ IgP Uerr (see251) 0 (see 251)
NpO» Np** 59406 33+02 18
Cs3NpO-Cla NpS* 46405 32402 249
CsoNpOLCly Np®+* 2.6+0.3 2.3+0.1 216
NaNpO»(OAc)s Npt* 18402 2240.1 515

neptunium increases, the intensity of this line diminishes
(Table 11). Hence, it has been suggested that this relatively narrow
line near a zero binding energy is due to the Np5f electrons not
involved in the chemical bond.>>%% As the neptunium oxidation
state increases, the number of unbound Np5f electrons decreases,
so does the effective magnetic moment ugr (see Table 11).

It follows from the XPS spectra > 7° and calculation results 37
that on passing from uranium compounds to neptunium com-
pounds, the binding energy difference between the OVMO and
An5f electrons decreases. This imposes some limitations on the
accuracy of determination of the relative intensity of the Np5f line
in neptunium compounds containing unbound Np5f electrons.
Nevertheless, the intensity of this line can serve as not only a
qualitative but also a quantitative measure of the neptunium
oxidation state in compounds.

b. The spectra of the Np6p and O2s electrons
As noted above, the low binding energy range of the XPS spectra
of the neptunium compounds studied contains, in addition to the

Rb4s 02s

50 40 30 20 10 Ep/eV

Figure 27. XPS spectra of neptunium compounds in the low binding
energy range (for comparison, XPS spectra of sodium acetate and nickel
nitrate are given).>>

(a) Cs:NpO2(OAc)s, (b) NaNpO2(OAc)s, (¢) RbNpO2(NO3),-2H,0, (d)
NaOAc, (¢) Ni(NO3)».

Np6p and O2s lines, some lines due to ligand electrons (Table 12,
see Figs 26, 27), which complicate the spectrum. For example, the
OVMO and IVMO spectra of the NO3 and AcO ~ ligands exhibit
a complex structure covering a range of approximately 35 eV.
This structure 33 has been studied both experimentally and theo-
retically (for NO3 , it is shown in Figs 5 and 27 e).

Despite the complexity of the low binding energy XPS spectra
of neptunium compounds containing an NpO4™ group, the
structure of the Np6ps,> spectrum is similar to that observed in
the U6ps)» spectra of uranyl compounds (see Fig. 26). In all cases,
two components appear instead of the single An6ps) line. The
lower binding energy component is partially superimposed onto
the ClI3s line.

The Ran—o bond lengths in the AnOZ+ groups have been
estimated using relation (8) with the assumption that the effect of
the difference between the charges of the Np and U nuclei can be
neglected.®® This gave the following values: Ry_o = 0.174 nm,
Rnp—0=0.180 nm and Rnp_o =0.174 nm for the UO3,
NpO7 and NpO%+ groups in the compounds Cs;UO>Cly,
Cs3NpO,Cly and Cs,NpO-,Cly, respectively. The appearance of
two components in the Npb6ps,» spectral range for neptunium
compounds confirms the assumption that the XPS spectra of
compounds containing AnO’ " groups should exhibit the structure
typical of the IVMO.

The participation of low-energy occupied Np6p and Lus AO
in the IVMO formation can be established on the basis of the
binding energy difference between the core AO and valence MO.
The researchers cited 89 could not carry out this comparison due to
the lack of data for neptunium metal. However, comparison of
these values for neptunium compounds shows that they are
different. A reason for this discrepancy may be dissimilar partic-
ipation of the Np6p and Lus AO in the IVMO formation in
different compounds (Table 13).
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Table 12. Binding energies (Ey, /eV) of electrons of the ligands contained in neptunium compounds.

55

Orbi- NaL! Na,COs; NiL% Orbi-  CsCl Orbi- RbYL% - Orbi- CSQYL% Cs3YCly  CspYCly Orbi- NaYL;
tal tal tal -2H,O tal tal
MO 4.6, 3.1, 4.3, MO 4.4 Rbédp 14.3 Cs5p 10.8 10.5 10.4, Na2p 30.5
9.8, 53, 118, Cs5p32 10.1 Rb4s 29.9 11.9 Na2s 63.3
12.1, 9.6, 14.5, CsSpip 117 Rb3d 110.9 Cl3s 15.8 16.0 Nals 1071.5
13.8, 11.7 18.2 Cl3s 15.0 (30.6, Rb3p 2384 Cs5s 23.4 23.7 23.6
17.8, 34.5,38.4)2 Rb3s 321.8 Cs4ds)» 75.5 75.5 75.4
19.5 Csdd 75.3 (87.1, Csdds)» 77.6 71.7 71.7
02s 252, 232, 269, 98.9,122.1)2 Csds 229.9 229.9 229.8
26.9 24.7 324 Csdp 158.8 Cs3ps)2 1065.2 1065.0 1065.2
Na2p 30.2 30.2 Csds 229.5 Cl2p 198.9 199.0
Na2s  63.0 62.8 Cs3ds;, 724.5(733.8)2
Cls 285.0, — Cs3ds,  728.5(747.9,
288.5 289.3 761.9)
Ols 531.5 531.3 5331 Cl2p 197.6, 199.3

(208.5,216.6)*

Note. The following designations are used: Y = NpO,, L' = OAc, L? = NOs. 2 The binding energies for the electrons responsible for the appearance of

satellites are given in parentheses.

Table 13. Binding energy differences (AE;) between various neptunium
and oxygen shells.>>

Compound, AE; = Ex — E; [eV
element
6p32 — O6p3p— Sdsp— 4fzp—  O2s —
—6pip —4f7p —4f;p —ddsp —Ols
NaNpO»(OAc)s — 389.5, 302.5 366.6 506.0,
385.0 507.8
Cs:NpO2Cly — 389.1, 302.2 366.8 506.1,
384.6 508.3
Cs3NpO2Cly — 387.7, 302.3 366.9 505.4,
384.8 508.1
RbNpO1(NO3)>-2H,O — 384.3 302.1 367.1 504.5
CsoNpO2(OAc)s 384.1 302.2 366.7 504.3
NpO:> (see %) 11.8 385.0 301.6 368.7 505.9
Npueor (see 175) 1.6 3838 3013 3712

2. The spectra of the core electrons

In the binding energy range of core electrons, XPS spectra of
neptunium compounds exhibit a complex fine structure
(Figs 28 —31).%%56.79.80 The binding energies for the most intense
lines are listed in Table 10. The most intense lines correspond to
the Np4felectrons (see Fig. 28). The basic lines of these spectra are
least distorted due to the additional structure; therefore, the Np4f
spectrum is most suitable for quantitative elemental and ionic
analyses and determination of the neptunium oxidation state. For
compounds containing neptunium ions in only one formal oxida-
tion state, the Np4f binding energy varies within a range of 0.6 eV
(see Table 10).55 The greatest change in the Np4f;, binding
energy on passing from compounds with formally pentavalent
neptunium to hexavalent neptunium compounds equals 2.2 eV,
while the smallest change is 1.0 eV. Hence, the chemical shifts can
be used to draw conclusions concerning the formal oxidation state
of neptunium and the relative ionic —covalent natures of the bond
in compounds.

In caesium- and chlorine-containing neptunium compounds,
the binding energies formed by these elements are somewhat
greater than the corresponding binding energies in CsCl (see
Table 12). This is due to the increase in the caesium and chlorine
oxidation states upon their incorporation in the compounds
considered. Thus, it can be concluded that the bonds between Cl
and the AnO}" group are more covalent than the Cs—Cl bond,
while the bond between the caesium and chlorine atoms in a
neptunium compound is more ionic than that in CsCl.

a. The spectra of Np4f electrons

The basic lines of the Np4f doublet related to the spin—orbit
splitting [AEq(Np4f) = 11.8 eV 8] are relatively narrow (see
Fig. 28). In this binding energy range, satellites caused by many-
body perturbation appear with the highest probability. The
maxima corresponding to these satellites can also be seen in the
spectra of other core electron levels. However, the Np4f range
exhibits most characteristic shake up satellites. For example, for
Np** (NpO»),” Np>* (Cs3NpO,Cly) and Np®* (CsaNpO,Cly),
the AEsy values equal ~7.0, 9.4 and 3.5 eV, and the intensities of
low-energy satellites are ~17%, 12% and 20%, respectively.3°
These values are correlated satisfactorily with corresponding
values for U4* (UQO;) and U®*" (Cs,UO,Cly): 6.9 and 3.8 eV,
25% and 20%, respectively. This indicates that the electronic
structures of isostructural neptunium and uranium compounds
have much in common, which also agrees with the results of
theoretical calculations.!!> 137 It is noteworthy that the structure
of the Np4f spectrum related to many-body perturbation can
serve as a reliable characteristic of the neptunium formal oxida-
tion state.

b. Spectra of the Np5d and Np4d electrons

In the Np5d binding energy range, the intensity of the Np5ds» line
is essentially suppressed and the line is broadened (see Fig. 29).
This results in a seeming substantial change in the spin—orbit
splitting. Thus the average value is given by AEg (Np5d) = 9.2 eV
and the difference between these values for the studied neptunium
compounds does not exceed 0.8 eV.

The change in the spin— orbit splitting is due to the formation
of the complex structure of the Np5d spectral lines. This structure
may arise due to the multiplet splitting caused by the presence of
unpaired Np5f electrons. In addition, the Np5d spectra may
exhibit a structure related to the dynamic effect, which gives rise
to the final electronic states like Np5d26s26p°5fnp® =
Np3d'96s%6p®5fnp!, because the relation En(Np5d) ~
2 Ex(Np6s) holds. However, this process is relatively unlikely
(An=1, Al =2). The value AEq(Np5d) =9.7 eV should be
considered to be most realistic.

The Np4d spectral structure is also complicated due to super-
position of lines related to the many-body effects involving ligand
atoms (see Fig. 29). The other observed maxima cannot be
explained in this way. Presumably,>’ this structure is a conse-
quence of the dynamic effect, resulting in final states like
Np4d®4f14(5s25p5d1%6s26p©)5f" = Np4d!04f12(5s25p®5d106s2.
.6p®)5f"6d'. This is one of the possible mechanisms for the
formation of the fine structure in the Np4d spectra.
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Figure 28. XPS spectra of neptunium compounds containing the NpO7
(a—c) and NpO%+ (d, e) groups in the Np4f and Ols binding energy
ranges.>

(a) RbNpO2(NO3)2-2H20, (b) CsaNpO2(OAc)s, (¢) CssNpO2Cls, (d)
Cs,NpO2Cly, (¢) NaNpO2(OAc)s. The dashed lines show the background.

The appearance of the complicated fine structure in the Np4d
spectra leads to a seeming change in the spin—orbit splitting on
passing from one compound to another. The average value
AEq (Np4d) is equal to 45.0 eV. This does not allow any accurate
measurements of the binding energies on the basis of the Np4d
spectra.

c. Spectra of the NpSp and Np4p3,; electrons

The Np5p binding energy range of the XPS spectra of neptunium
compounds exhibits lines for the core electrons of the ligand atoms
(see Fig. 30).%% The structure of the Np5pi» spectra cannot be
observed, as the AEg(Np5p) value equals 77 eV; the binding

Figure 29. XPS spectra of neptunium compounds in the Np4d (a, ¢, €) and
Np5d (b, d, /) binding energy ranges.>>- 80
(a, b) Cs3NpO2Cly; (¢, d) NaNpO2(OAc)s; (e, ) CsaNpO2Cly.

energy of these electrons [Ew(NpSpip] is approximately
283.0 eV, their spectrum being superimposed onto the intense
Cls lines of the AcO groups or the residual oil vapour molecules
adsorbed on the sample surface. However, for some compounds,
individual spectra of the Np5ps;» electrons can be observed
(see Fig. 30).%¢

The reported?® values for the neptunium binding energy
Eu(Np5p32) = 206 eV and Ey(Np5dsp2) = 101 eV roughly satisfy
the condition En(Np5ps.2) & 2 En(Np5ds)). This suggests 3¢ that
the structure observed in the Np5ps)» spectra is largely caused by
the dynamic effect, resulting in final states of the type
Np5p35d10(6s26p®)5f" = Np5p°5d8(6s26p®)5f" 1. Apparently,
additional broadening of these lines can be due to multiplet

Intensity a b
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Sat Cl\E 2:~7 Clizp

6.3 Cs4s
6.6 3.1

x 2.5

¢ d
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1 1 1
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Figure 30. XPS spectra of neptunium compounds in the Npdps3, (4, ¢, ¢)
and Np3p (b, d, f) binding energy ranges.>® (a,b) CszNpOxCly; (¢, d)
NaNpO2(OAc)s; (e, f) CsaNpOCly.
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Figure 31. XPS spectra of neptunium compounds in the Np5s («, ¢, ¢) and
Npé6s (b, d, ) binding energy ranges.’® (a, b) Cs;NpO,Cly; (c, d)
NaNpO2(OAc)s; (e, f) CsoaNpO,Cly.

splitting, because all the neptunium compounds considered con-
tain unbound Np5f electrons. Some of the peaks can be attributed
to shake up satellites (see Fig. 30).

The spectra of the Np4ps3)» electrons of caesium-containing
neptunium compounds are overlapped by satellites of the Cs3py)»
structure (see Fig. 30). The spectrum of the Np4ps/» electrons of
RbNpO»(NO3)>-2H,0O contains no ligand-related lines over a
broad binding energy range; nevertheless, this range also displays
fine structure. The binding energies of neptunium electrons
reported in a study,”® En(Npdpsp) = 1087 eV, En(Npddsp) =
773 eV and Eu(NpSs) = 338 eV, roughly satisfy the relation
Ew(Np4ps2) = En(Np4ds2) + En(NpSs). Hence, one may suggest
that the Np4ps)» spectral structure is due to the dynamic effect,
resulting in final states of the type Np4p>4d!04{145s26p05fnp™ =
Np4p®4d®4f145s16po5fmp™ +1.

d. Structure of the Np6s and Np5s spectra

It is known that the Np6s electrons have a relatively small
photoionisation cross-section 29 and their spectra exhibit a rela-
tively complex fine structure. Nevertheless, the sample prepara-
tion and experimental procedures allowed researchers>3¢ to
measure the spectra of these electrons (see Fig. 31).%¢ The fine
structure of the Np6s spectrum extends over a binding energy
range of ~40 eV. The electron binding energies found as the
weight average values for electrons around the most intense band
are listed in Table 10. The spectra of RbNpO2(NO3), -2 H,0 and
NaNpO2(OAc); exhibit a rather intense spectral structure in
addition to the relatively broad bands at ~50 and ~75 eV. The
spectra of these compounds reflect most fully the Np6s spectral
structure over the whole binding energy range considered (see
Fig. 31).

Presumably, the formation of the Np6s fine structure over this
broad binding energy range may be due to the dynamic effect,
resulting in final electronic states like: Np6s!6p®5f76d® =
Np6s26p*5f76d!. The presence of unbound Np5f electrons in all
of the studied neptunium compounds may give rise to an addi-
tional structure caused by multiplet splitting. Finally, shake up
satellites should also be manifested in these spectra.>> 3¢

It should be noted that, without thorough theoretical analysis
of the spectral structure in the Np6s binding energy range and

without identification of individual lines, it is difficult to draw any
qualitative conclusions concerning the involvement of the Np6s
shell in the IVMO formation in neptunium compounds.

Attempted study of the NpS spectral structure has been
reported.3>3% In this energy range, against the relatively intense
background of the broad Cls satellite band due to the OAc group
or the residual vacuum oil, the spectrum exhibits an additional
structure missing from the Cls spectrum of graphite (see Fig. 31).
This structure always consists of two lines that cannot result from
the multiplet splitting, because the corresponding binding energy
difference does not exceed 2—3 eV. Therefore, it is assumed that
the structure manifested in the NpSs spectra is due to the dynamic
effect, which results in final states of the type
Np3s!5p05d106s26p°5fnp™ == Np5s25p>5d106s!6p05fnp™ 1.

Thus, it can be concluded that parameters of the fine structure
manifested in the spectra of neptunium compounds provide
information on their magnetic properties, neptunium oxidation
states and the degree of participation of the Np6p and Lns AO in
the formation of the IVMO whose structure is determined by the
local environment of the neptunium ion. The fine structure
observed in the spectra of core electrons, which arises due to
different mechanisms, is characteristic of particular neptunium
compounds and can be used for identification.

V. Plutonium compounds

Plutonium oxides on the metal surface,!-64.79.83-86.116.121.126
Pu(NO3)4-nH0,?%-3 and the single crystal of Cs;PuQ,Cly 382
have been studied by XPS. The correlations of fine structure
parameters of the spectra of inner and outer electrons with
plutonium oxidation states in compounds,??- 64 79-81-86 the struc-
tures of compounds,®®>>8  the types of chemical
bond,29-37-41.44.51-53.55.81.82.87-91.115.116 and secondary elec-
tronic processes that accompany photoemission of elec-
trons 2%-33.79-82.121 have been studied. The relativistic electronic
structure parameters of plutonium were evaluated;’33% non-
relativistic X,-SW calculations were carried out for the electronic
structure of the PuO3" cluster (D group of symmetry) with
Rpu_o = 0.171 nm !''> and relativistic X,-DV calculations were
performed for the PuO,CI3~ cluster (D4, group of symmetry) with
Rpu_o = 0.171 nm and Rpu_1 = 0.262 nm.3¢ On the basis of the
XPS spectrum of outer valence electrons, the mechanism of
formation of a PuO, film on the surface has been studied;** the
dependence of valence and core level spectral parameters for
metallic plutonium on the number of monolayers on the substrate
has been analysed.®>

For the single crystal of Cs;PuO,Cly containing the PuO%+
group, the XPS spectra of various electron shells in the binding
energy range from 0 to ~ 1250 eV have been studied 82 in order to
determine the relationship between the fine spectral structure
parameters and the structure of the local environment of the
plutonium ion, plutonium oxidation state and the nature of the
chemical bond in the compound. The spectral lines were identified
using the spectra of plutonium metal 83116127 and plutonium
dioxide,*!-79-84 the results of calculations for individual atoms 78
and model clusters,?® 15 photoionisation cross-sections?%* and
the XPS spectra of thorium, uranium and neptunium compounds
and CsCL.> The procedure used for sample preparation and for
recording made it possible to obtain the first spectra of the core
and valence electrons for a bulky sample, which was a Cs,PuO,Cly
single crystal. This double salt contains a plutonium ion formally
as Pu®™ with the electronic configuration {Rn}5f2. Therefore, the
fine spectral structure of the core and valence levels can be
discussed conveniently using this compound as an example.

1. The spectra of valence electrons

The low binding energy XPS spectrum of Cs,PuO,Cly largely
resembles the spectra of isostructural uranium and neptunium
compounds (see Figs 26, 31).
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a. The spectrum of the Pu5f electrons
Comparison of the An5f spectra of uranium,*” neptunium,?®
plutonium,®? the oxides NpO. (see Refs 41 and 79) and PuO»
(see Refs 41, 79 and 84) shows that on passing from uranium to
plutonium, the difference between the weight-average An5f bind-
ing energy and the OVMO binding energy substantially decreases.
This results in a significant overlap of the corresponding lines in
the spectra of plutonium compounds (Fig. 32); this increases the
error of determination of the relative intensity of the Pu5f lines.
It follows from the spectra of PuO, #!-7%-8% and Cs,PuQ,Cl, 82
that an increase in the plutonium oxidation state in compounds
entails a decrease in the intensity of the Pu5f line. The magnetic
properties of plutonium compounds have not been adequately
studied, hence, they cannot be quantitatively correlated with the
intensity of the Pu5f lines in the spectra; nevertheless, there exists
some qualitative correlation. Thus on passing from the tetravalent
plutonium in PuO; to hexavalent plutonium in the fluoride PuFs,
the specific molar susceptibility (y) decreases from 536 x 10~ ¢ to
170 x 10~ mol ! (see Ref. 251). This is in line with the fact that a
decrease in the number of the unbound Pu5f electrons in the
molecule induces both a decrease in the intensity of the Pu5f lines
and a decrease in the paramagnetic term in the specific magnetic
susceptibility of the compound. However, as follows from the data
on the An5f line intensity and the published data on the magnetic
behaviour of actinide compounds, no direct correlation can be
followed between the magnetic moment and the number of
unpaired An5f electrons for np > 2.252-2%4

Intensity a
IVMO

OVMO
Pusf

C85p3,‘2,5p1’r2

40 30 20 10 Ey, eV

Figure 32. Low energy range of the XPS spectrum of the single crystal of
Cs,PuO;Cly (a).32 For comparison, the XPS spectrum of caesium chloride
is given (b).

b. The spectra of the Pu6p and O2s electrons

The Pubps/> spectrum of Cs;PuO,Cly, like the An6ps)» spectra of
Cs2An0O;,Cls (An = U, Np), consists of two lines (see Figs 26, 32).
The line characterised by the lower binding energy partially
overlaps with the Cl3s line. In the spectrum of the O2s and
Pub6p/» binding energy range, a complex fine structure typical of
compounds containing the actinyl group AnO}" can be observed,
in addition to the Cs5s peak.

Table 14. Binding energy differences (AE;) between various plutonium and
oxygen shells.

Compound, E;= Er— E/ eV
element
6p32—  6psp—  S5dsp—  4fzp—  O2s —
— 6p1,'2 —4f7 74f7/r2 74d5’r2 —Ols
Cs,PuOxCly (see®?)  — 412.5, 321.1 374.8 506.5,
408.2 508.8
PuO; (see ) 12.2 408.2 321.6 375.2 507.5
Pumetal (se€ 83) 12.0 403.9 319.8 377.0
Pugneor (see '78) 11.9 403.8 319.3 379.8

Comparison of the binding energy differences between the
valence and core levels AE; (Pu6ps; > —Pudf7),) for plutonium and
its compounds (Table 14) shows that IVMO are formed effec-
tively from the Pu6p and O2s AO not only in the case of
Cs,Pu0O,Cly, containing the PuO%+ group, but also for the oxide
PuO,, which has a more symmetric structure. Indeed, the differ-
ence between the Pu4f;» and Pu6ps)» binding energies for pluto-
nium metal equals 403.9 eV. For PuOa, this value is greater by
4.3 eV, and for the Cs,PuO,Cly single crystals, these values are
greater by 8.6 and 4.3 ¢V for the two components arising due to
IVMO formation in these compounds (see, for example,
Figs 4, 23).

These data also provide the conclusion concerning the nature
(either bonding or antibonding) of some IVMO. The contribution
of the IVMO electrons in the PuO%+ cluster to the covalent
component of chemical bonding estimated on the basis of deter-
mination of the orbital forces (f3,_¢ /au) >3 amounts to 22% of the
total contribution of the electrons of all MO. 113

2. The spectra of core electrons of plutonium

The XPS spectra of Cs,PuO,Cly for all core electron levels in the
energy range from ~40 to ~ 1250 eV exhibit fine structure which
is also typical of other plutonium compounds (Figs 33—37). The
corresponding binding energies are given in Table 15. In those
cases where a complex fine structure is present, instead of the
expected single lines, the Table gives the weight average values for
the binding energies corresponding to the most intense lines.

On passing from plutonium metal to PuO; or Cs,PuO;Cly, the
core electron binding energies regularly increase (see Table 15). It
can be seen that the core electron energies are correlated with the
Pu oxidation states in the compound.

a. The spectrum of Pudf electrons

The Pudf spectrum consists of a spin doublet of sharp intense
peaks accompanied by satellites on the higher binding energy side
(see Fig. 33).

Intensity R
Pudfs)» 125 Pudfy)»

Ols

1.8

540 530 460 450 440 430 Ey eV

Figure 33. XPS spectra of the single crystal of Cs,PuO,Cl4 containing the
PuO3* group in the Pu4f and Ols binding energy range.$2
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Table 15. Binding energies (Ep) and photoionisation cross-sections (o) for
plutonium compounds.

Orbital Ey [eV o
Pu, L (nl))
C52Pu02C14 Pu02 Pu(N03)4- Pumml Pulheor
(see 82) (see”) -nH,O (see 33) (see!7®)
(see 2)
Pusf 5.0 - 4.1 — 4.7 0.81
OVMO 6.0 — — —
Pu6p3,r2 16.2, — 19.5, — — —
20.5 18.4 21.3 17.2 22.7 0.38
Pubpi )2 30.4, 30.6 31.4, 29.2, 34.6 0.13
333 339 32.0
Pubs 49.0, — - 452, 558 0.17
54.5 52.7
Pu5ds), 107.6 105.0  106.0, 101.3  107.2 3.76
Pu5ds), 117.7 — 112.0, 113.7  123.0 2.56
118.3
PuSps3)» 218.0 216.2 2174 211.1, 224.6, 2.38,
Puspi)» — — — 284.2  289.5 0.68
Pu5s 359.2 — — 353.1, 359.7 0.76
365.1
Pudf;» 428.7 426.6 427.1 422.1 426.5 31.03
Pudfs) 441.2 439.8 4393 435.1 440.3 24.36
Pudds)» 803.5 801.8 803.9 798.1  806.3 17.81
Pudd;)» 851.7 849.8 8522 844.8 8544 11.60
Pudps)» 1128.9 — — 1122.6 1131.8 7.95
02s 24.0, 22.8 25.8, 0.14
26.3 27.1
Ols 532.8 530.3 533.0 2.93
Cs5ps ) 10.4 (10.1)® 0.33
CsSs 23.7 (23.4)" 0.18
Cl3s 16.1 (15.0)® 0.19

aObtained at 1487 eV and expressed in 13.6 b per atomic shell.??3 ® The
electron binding energies for CsCl are given in parentheses.

Intensity a
1 Codsira CI2p3/2.2p1)2
Pu5p3,r2
%x 0.2
1 1
245 225 205
b
Pu4p3‘,z
4.0 4.0
1 1
1150 1130 1110 Ey /eV

Figure 35. XPS spectra of Cs;PuO,Cly in the PuSps)» (a) and Pudps)» (b)
binding energy ranges.>>

Comparison of the Pu4f lines in the spectra of Cs;PuQ,Cly,3?
containing Pu®*, and the dioxide PuO,,”° containing Pu* ", shows
that the binding energy distance from the basic lines of the doublet
to the satellites (A Esat) can characterise, as in the case of uranium
and neptunium compounds, the plutonium oxidation state. In the
spectra of CspAnO,Cly with An = Pu®*, Np®* and U°®", the
AFEs, values equal 3.4, 3.5 and 3.8 eV, and the intensities Is,¢ are
20, 20 and 20%, respectively. In the spectra of AnO, for
An =Pu*", Np** and U*", the AEs, values amount to ~7,

Intensity

Pu5d5‘3

Sat Cs4d

v

130 120 110 100 Ey /eV
b
Pudds)»
| 48.2 Pudds,
| -
6.6
1 1 1
864 844 824 804 Ey/eV

Figure 34. XPS spectra of Cs,PuO,Cly in the Pu5d («¢) and Pudd (b)
binding energy ranges.®? A satellite arising on the higher binding energy
side of the basic Cs4d line is shown.

Intensity a
Sat  Sat
Sat + + CS4d5"2,4d3,2
v 46.8
\
Csdps2 | | 236
]
| 118 |
T 1
1 1 1
155 115 75
b Cs3ds)»

805

278

198 Ey eV

Figure 36. XPS spectra of caesium chloride in the binding energy range of
core electrons.>®
(a) Cs4ps3/2 and Cs4d electrons; (b) Cs3d-electrons, (¢) Cs4s electrons.
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Intensity a
Cs4d Pubs
——
ooy
x0.1
*‘\(’/\/\/\.'\'
85 65 45
b PuSs
—_——
v v
v v
1 1
390 370 350 Ey/eV

Figure 37. XPS spectra of Cs;PuO,Cly in the Pu6s (¢) and Pu5s binding
energy ranges (b).>>

~7and 6.9 eV, while Is, are ~20, ~17 and 25%, respectively.
The spin—orbit splitting AEq(Pu4f) values found by different
researchers are 13.0, 12.7 and 12.5 eV for plutonium metal,®?
PuO, oxide” and Cs,Pu0,Cls,3? respectively. The observed
differences in the AEq(Pu4f) values are related to the error of
determination (see Table 15).

b. The spectra of PuSd and Pu4d electrons
In the Pu5d binding energy range (see Fig. 34), an intense band
with Ey, ~ 100 eV due to the satellite of the Cs4d line is observed
on the lower binding energy side of the basic Pu5ds, line. The
intensity of the Pu5ds,» component is largely suppressed, and it is
broad compared to the basic Pu5ds, line.

Despite the complicated spectral structure, the PuSds), line
can be used to determine the Pu oxidation state in compounds.
Thus on passing from plutonium metal to the Pu®* ion, the
binding energy of these electrons decreases by AEu(PuSds;) =
6.3 ¢V (see Table 15). When the plutonium oxidation state
changes from Pu** to Pu®™*, the corresponding energy difference
is 2.6 eV. For individual compounds, these differences can be
easily measured experimentally. The fine structure of the PuS5d
spectra can also characterise the plutonium oxidation states in
compounds. However, the exact energy of the spin—orbit splitting
of the Pu5d line [AEg(Pu5d) = 11 eV]?° is difficult to determine
due to the complex shape of this line (see Table 15).

The Pudds); line for Cs;PuO,Cly (see Fig. 34) is relatively
broad (I" = 6.6 eV) and symmetric. In the Pu4ds/, binding energy
range, fine structure is observed. A structured band, possibly
associated with Auger transition electrons, occurs at these ener-
gies. Against the background of this structure, a peak attributable
to the Pu4ds), electrons is observed. The spin—orbit splitting
AEg(Pu4d) found from this spectrum is 48.2 eV. This coincides
with the value AEj(Pudd) = 48.2 eV obtained from the PuO,
spectra,” but differs from the value AE % (Pu4d) = 46.7 eV, found
from the spectrum of plutonium metal in the Pu4d binding energy
range, by 1.5 V.83

c. The spectra of PuSp3,> and Pudps,; electrons

The PuSp binding energy range of the XPS spectrum of
Cs,PuO,Cly contains several rather intensive peaks attributed to
ligands and carbon atoms of the residual organic substances
adsorbed on the surface in vacuum (see Fig. 35). For example,
the PuSpi); line is superimposed by the Cls spectrum, which
precludes drawing conclusions concerning its structure.

The spectra of various ligands have been analysed.’> In
particular, the spectrum of CsCl has been thoroughly studied
(see Table 12, Fig. 36). This allowed researchers to identify the
structure due to the Pu5ps3) electrons upon comparison of the
spectra of Cs,PuO,Cly and CsCl in the CI2p and Cs4s binding
energy ranges (see Fig. 35).

Comparison of the PuSps3> spectral structure for the studied
compounds with the An5p spectra of other actinides shows that
this structure can be attributed to the dynamic effect resulting in
final states of the type PuSp®5d!'%(6s26p®)5f" = Pu5p®5d?.
.(6s%6p©)5f"* 1. Indeed, the ratio of the PuSp and Pu5d binding
energies does not contradict this assumption. Thus for
Cs:PuO,Cly, En(PuSpspn) = 218 eV and En(PuSdsp) = 107.6 eV
(see Table 15), which approximately satisfies the condition
Eb(Pu5p3l,r2) ~?2 Eb(PUSds/z),

The structure observed in the Pudps,» spectrum largely resem-
bles that observed in the Pu5ps3/, spectrum. The binding energies
Ey(Pudps;) = 1128.9 eV, Ey(Puddsn) = 851.7 eV and Ey(Puss) =
359.2 ¢V approximately satisfy the condition En(Pudp) ~
Eyw(Pudd) + Eu(PuSs). This suggests that, as for thorium, uranium
and neptunium compounds, in this case, too, the structure
observed in the spectrum of Cs,PuO,Cly in the Pudp;), binding
energy range may be due to a large extent to the dynamic effect,
resulting in the formation of final states of the type
Pudp4d19(4f14)5s%(5p5d1%6s26p®)5fimp” = Pudp®4d®(4f14)5s!.
.(5p®5d1%6s26p®)5finp™ + 1.

d. The spectra of Pu6s and Pu5s electrons

Instead of the expected single peak for Pu6s electrons, the
spectrum exhibits a complicated fine structure in an energy span
covering ~30 €V.>> A number of averaged peaks at 49.0, 54.5,
59.5and 67.3 eV can be noted. The weight-average binding energy
for these electrons Ey, — (Pu6s) amounts to 51.2 eV (see Fig. 37).

Probably, the structure of the Pu6s spectrum is mainly due to
the dynamic effect giving final states like Pu6s'6p®5f'6d” =
6s26p*5f"6d™+ 1. Indeed, the values E, (Pu6s)=51.2¢V,
Ey(Pubpsn) = 20.5 eV and Ep(Pubpi2) = 30.4 eV obey satisfac-
torily the condition Ey (Pubs) ~ 2 En(Pu6p), which is not at
variance with the assumption concerning the dynamic effect. The
spectral structure parameters can hardly allow a conclusion about
the possible participation of the Pu6s shell in the OVMO and
IVMO formation.

The Pu5s spectrum is expected to exhibit a fine structure in the
region where the intensity of the Cls satellite corresponding to the
carbon atoms of the adsorbed oil declines (see Fig. 37). Indeed,
this range in the spectrum of Cs,PuO,Cly4 contains peaks at 351.2,
354.9, 358.2 and 365.8 eV (see Fig. 37) for which the weight
average binding energy is given by Ej (PuSs) = 359.2 ¢V (sce
Table 15).

In the PuSs binding energy range equal to ~35 eV, the XPS
spectrum of Pu metal exhibits two peaks with the width I' ~ 10 eV
having a fine structure.®3 Hence, it can be suggested that the
structure at 351.2 and 354.9 eV (AE, = 3.7 eV) (see Fig. 37) is
partially due to the multiplet splitting. It is evident that the
pronounced broadening (to ~ 35 eV) of the Pu5s binding energy
range containing fine structure in the spectrum of Cs,PuO,Cly
cannot be attributed to the multiplet splitting alone.

For Cs,PuO;Cly, the binding energies E}, (PuSs) = 359.2 eV,
Ep(Pudpsp) = 218.0 eV and Ep(PuSdsp) = 107.6 eV satisfy the
condition Ey (Pu5s) ~ Ex(PuSp) + Ep(Pu5d). Thus, it can be
suggested that the structure observed in the PuSs binding energy
range can also be attributed to the dynamic effect with the final
states like Pu5s!5p®5d10(6s26p®)5f" = Pu5s25p>5d°(6s26p®)5f7+1.
The same conclusions have been drawn by other researchers,®?
who analysed the XPS spectral structure for plutonium metal.

It should be noted that, as for compounds of other actinides,
this XPS spectral structure can be used to identify particular
plutonium compounds.
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VI. General rules of the formation of fine structure
in the XPS spectra of actinide compounds

The fine structures of the XPS spectra of light actinide compounds
have much in common. As noted above, this is due to the fact that
actinides form a row of transition elements in which the An5f shell
is gradually occupied by electrons with the increase in the atomic
number. A complex fine structure is manifested to one or another
extent in the XPS spectra of all electronic levels in the binding
energy range of 0—1250 eV. On the one hand, the reasons for fine
structure formation in the spectra of various electron shells of
actinide compounds are largely similar, but on the other hand,
parameters of the fine spectral structure are characteristic of
particular compounds. Thus, the XPS spectral structure of the
core and outer electron shells can be used to elucidate the
physicochemical properties of actinide compounds. A typical
feature of the An6ps;» and AnSf valence electrons of actinides is
relatively weak dependence of the binding energies (£,) on the
atomic number (Z) compared to analogous dependences for core
electrons (Fig. 38). In the series of actinide dioxides, the binding

Ey /eV
a
120 ¢ 38.0 eV
100 F
~ b

M 10.2 eV

C
20 r 27 eV
d
M—i 3.1eV
0r 1

Th Pa U Np Pu AmCm Bk Cf Es Fm MdHo Lr

Figure 38. Variation in the binding energies (Ep) of valence and inner
electrons in actinide dioxides in the series Th — Lr.”®

(a) An5ds); electrons; (b) An6p; 2 electrons; (c) An6ps): electrons; (d) AnSf
electrons.

Table 16. Binding energies (Ey) for core electrons in actinide oxides.”

energy for the valence An5f electrons increases by 3.1 eV, that of
the An6ps), electron, by 2.7 eV, and the core An5ds;, binding
energy increases by 38.0 eV as the atomic number increases in the
range of 90 < Z < 98. The substantial increase in the An6pi,
binding energy is due to enhancement of the spin— orbit splitting
AEq(An6p). Indeed, as noted above, the peaks in the An6ps/» and
Anb6p, > binding energy ranges observed in the spectra of actinide
dioxides reflect the inner valence molecular orbitals rather than
atomic levels. As a result, the An6p electrons are delocalised and
shielded from the core charge, their energy depending only slightly
on the atomic number Z. As was to be expected, the An5d, Andf
and An4d binding energies of the core levels of actinides (Th, U,
Np, Pu, Am, Cm, Bk, Cf), for example, in oxides,” increase
appreciably with an increase in the atomic number (Table 16).

1. Spectra of the An5f electrons

The An5f electrons not involved in the chemical bond largely
determine the magnetic properties of actinide com-
pounds.43.235-257 The XPS spectra of compounds containing
the An5f electrons exhibit a relatively narrow line around a zero
binding energy (Fig. 39). The assumption that this line is due to
free AnS5f electrons based on experimental
data 38-40,67,68,87.127,197,252,253 {5 consistent with the results of
theoretical calculations.®3-12%-137- 180 [ particular, the correlation
between the core An4f binding energy and the An5f line intensity
observed for uranium and neptunium compounds confirms the
assignment of the lines near a zero binding energy in the XPS
spectra to the An5f electrons.?!-88 Indeed, a decrease in the
intensity of the line for the An5f electrons not involved in the
chemical bond (i.e., a decrease in the relative density of the An5f
electrons on the actinide ions) brings about an increase in the
actinide oxidation state and, hence, an increase in the core electron
binding energies (Fig. 40).

It follows from the above results that the An5f electrons not
involved in the chemical bond are largely accumulated on the
actinide ions in compounds, and the corresponding orbitals are
quasi-atomic (see Fig. 39).

Figure 41 shows that the slopes of the straight lines that reflect
the dependence of the relative intensity of the An5f lines on the
actinide oxidation state (Table 17) are equal to within the exper-
imental error.> This allowed a group of researchers8!-88-90 to
find a general mathematical expression for the dependence of the
relative intensity 75" on the number ns; of free An5f electrons
(Fig. 42).

It can be seen from Figs 41 and 42 that the An5f line intensity
in the XPS spectra of the studied actinide compounds in the range
of 0 <nr<7 is proportional to the number of electrons not
involved in the chemical bond. Within the framework of the
approximations used, it can be inferred that the oxidation state
of actinides changes discretely and that the An”* ions have the
electron configuration {Rn}5f".

Oxide Ey eV
6p3’12 6p1/2 5d5‘,2 5p3//2 (see u) 4f7/2 4f5,'2 4d5,‘2 4d3’r2 OZS OlS CIS

ThO» 17.2 25.2 87.0 178.9 334.6 343.9 675.7 713.0 22.9 530.5 285.4
U0, 17.2 28.1 96.0 197.2 379.6 390.5 737.7 780.1 22.5 529.7 284.6
NpO» 17.5 29.3 100.9 206.3 402.5 414.3 771.2 816.1 23.8 529.7 284.5
PuO, 18.4 30.6 105.0 216.2 426.6 439.3 801.8 849.8 22.8 530.3 285.3
AmO; 18.1 31.1 108.4 — 448.2 462.5 832.0 883.1 23.1 529.0 284.4
CmO; 18.4 32.1 113.2 231.7 472.7 487.4 865.2 918.7 22.7 530.1 284.0
BkO> 18.3 34.0 120.1 245.8 498.5 514.4 901.4 957.7 234 529.5 285.3
Cf,03 19.4 349 124.5® - 5233 541.1 933.1 993.7 24.7 530.3 283.9
AnO, 23.2¢ 529.9¢  284.7¢

aHigh energy component of the doublet. ® The highest peak. © Average values.
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Figure 39. XPS spectra of actinide dioxides (AnO») in the low binding
energy range.”’
(a) ThO», (b) UO3, (¢) NpOa, (d) PuOa, (¢) AmO,, (f) CmO,, (g) BkO-.

The relative intensity of the An5f line was measured as the
ratio of the area confined by the An5f line to the area confined by
the Andfy; line, 15" = I(An5f)/I(Andfs;). The satellite lines
caused by the shake up process which accompanies the photo-

En(Andfy)) feV Npé+
404 +
Np5+
403 I Np4+
2

U6+
382 Us+
U4+
381
1
380 1 1 1 1

(=)

2 4 6
102 I(An5)/I(Andfy ) (rel.u.)

Figure 40. Correlation of the Andf;, binding energy [Ey(An4fy»)] with
the relative intensity of the An5f lines [/(An5f)/I(An4fy)2)] in the XPS
spectrum of uranium (/) and neptunium compounds (2).8!- 38 The dots are
experimental data.

10% I(An5f)/I(An4f;2) (rel.u.)

o 1o AR Mo A\
24 3+ 4+ 5+ 6+ T+ 8+ nt

Figure 41. Relative intensity of the An5f lines [/(An5f)/I(An4f;,)] in the
XPS spectra of actinides (An = Th, U, Np, Pu, Am) vs. their oxidation
state (n ") in oxygen-containing compounds of thorium (square), uranium
(dark circles), neptunium (light triangles), plutonium (crosses), and
americium (dark triangle).”0-253

The dots show the experimental data; their numerals correspond to the
numbers of compounds in Table 17.

Table 17. Binding energy differences between the An5f levels and OVMO
(AE;), relative intensities (7 g}‘p) of the lines for the An5f electrons not
involved in the chemical bond for actinide ions in various oxidation states
( An"t ).8]

Compound AE® 102 15P (red.u.) nse
eV (see®)
An4 + An5 + An6 +
ThO, (1) 0 0
U0s (2) 42 38 2
U0, (3)° 3.8 2
v-UOs (4) - 0 0
NpO (5)¢ 20 59 3
Cs3NpO:Cly (6) 24 4.6 2
RONpO»(NO3),-2H,0 (7) 2.5 4.0 2
Cs:NpO,Cly (8) 2.0 2.6 1
NaNpO»(OAc); (9) 25 18 1
PuO, (10)¢ 1.0 80 4
Cs,PuO,Cly (11) 1.0 4.2 2
Am(NO3);-nH.0 (12)¢ — 6
AmO; (13)¢ 05 116 5
CmO, (14)¢ - 12.2 6
BkO; (15)¢ 13.9 7
Pu(NO3)s- 7 H0 (16) - 8.3 4

2 Binding energy differences found from the maxima of the An5f lines and
OVMO (energy gap). ® The number of weakly bound An5felectrons. ¢ The
I® values were found by renormalisation of published data*!:7° with
allowance for the /¥ value for UO, and are expressed in units used in Ref.

81.9For An3*, the 75" value is 11.5x 102 red.u.
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102 75P (red.u.)

20
16

12

Figure 42. Relative intensity of the An5f lines [I5” = I(An5f)/I(Andf;))]
in the XPS spectra of actinides and their compounds vs. the number of 5f
electrons (nsr).%8

(a) Experimental values for actinide compounds (the numerals correspond
to the numbers of compounds in Table 17); (b) calculated values for
actinide atoms.

emission of the An4f electron were not taken into account.8!-88-90
The area confined by the lines for such satellites can reach 20% of
the area corresponding to the basic lines.”® For example, the
OVMO band in the spectra of actinide oxides located in the
binding energy range from 0 to ~ 15 eV is mainly formed by the
An5f, An6d and An7s electrons of the actinide and the O2p
electrons of oxygen. For the X-ray excitation energy normally
used in XPS studies (1486.6 ¢V), the photoionisation cross-
sections () for the O2s and O2ps3)» electrons are equal to 0.00191
and 0.000263 Mb, respectively,>>® which is substantially lower
than the value ¢ 2 0.02 Mb for the An5f electrons. In addition, the
photoionisation cross-sections for the AnSf electrons of all
actinides are much greater than the corresponding ¢ value for
the An6ds) (~0.0020 Mb) and AnTs electrons
(~0.00018 Mb).>>® Therefore, the intensity of the low binding
energy XPS spectrum is mainly due to the An5f electrons.

The experimental data for the dependence of the relative
intensity of the An5fline on the number of weakly bound electrons
reported in several publications 818890 (see Table 17, Fig. 42) are
described satisfactorily by the following equation:*®

I3 = 0.0217 ns. (15)

Equation (15) was derived with the assumption that the
oxidation states of actinides in compounds are integers and the
photoionisation cross-section barely depends on the atomic
number (Z). This approximation is most adequate for light
actinides since the energy gap between the Ey values for weakly
bound An5f electrons and OVMO electrons determined from the
XPS spectra of these actinides is rather narrow (see Table 17).
Physically, this means that the An5f electron involved in chemical
bonding passes from the localised state corresponding to a
relatively narrow low binding energy XPS line to the delocalised
state corresponding to the OVMO band. Despite the roughness of
this approximation, the experimental dependence considered (see
Fig. 42) can be effectively used for determination of actinide
oxidation states in compounds.’® For example, for AmO; (see
Table 17, Fig. 42), this dependence suggests that either the oxide
Amy0;3 or another Am3* compound is formed on the sample
surface.

In the MO LCAO approximation, during the MO formation
in actinide compounds, the An5f electrons can either directly
participate in a chemical bond with retention of their nature
(I = 3, where [ is the orbital quantum number) 37 or be first
excited, for example, to the An6d level, and participate in the
chemical bond having the new d nature (/= 2). The relative

intensity of the X-ray photoelectron lines of the OVMO electrons
(7o o) in actinide oxides,8! equal to the ratio of the intensities of
the lines due to the OVMO (including An5f) and IVMO (including
An6p and O2s orbitals) electrons, was estimated theoretically
taking into account the corresponding photoionisation cross-
sections 2% according to the equation

ptheor _ TI560st + N6dT6d + N75075 + VN02p002p
OVMO = )
NepTep + Vhoos002s

(16)

where n,; and o,; are the numbers of electrons and the correspond-
ing photoionisation cross-sections, and v is the number of oxygen
atoms (v = 2 for AnO; and 3 for AnO3). Since all the considered
lines fall in a binding energy range of ~35 eV, no corrections
taking into account the binding energy differences between the
electrons of different levels were introduced in relation (16).

The T8 values obtained in this approximation can be
compared with the corresponding experimental data for actinide
oxides (Table 18). The experimental values of /o9y, are pre-
sented in Table 18 for the electronic configurations acquired by
the actinide ions in those cases where the An5f electrons involved
in the chemical bond lose their f nature upon the formation of the
bond. Although the error in the measurement of 7 3, can reach
20% and An5f and other valence electrons become delocalised
upon chemical bonding and their photoionisation cross-sections
should decrease, a number of qualitative conclusions have been
reported.®!-87-88 Indeed, the fact that the Iy values (0.35 for
ThO, and 0.72 for y-UOs3) are substantially greater than the
Tideer o values (0.20 and 0.30, respectively) can be related to the
involvement of the An5f AO in the OVMO formation. As a result,
AnS5f states occupied by electrons are present in the valence band
of the oxides, ThO, and y-UOs3; these states are missing, for
example, for the thorium atom. This experimental result, although
qualitative, is very important and agrees with the data of calcu-
lations of the electronic structures of these oxides.!3” It follows
from the foregoing that upon the formation of chemical bond in
actinide oxides, the An5f electrons can lose the f nature only
partially.

In order to evaluate the validity of the assumption of local-
isation of weakly bound AnS5f electrons in actinide compounds
made on the basis of experimental data, 35-81-87.88 the experimen-
tal intensities of the An5f lines were compared with the corre-

Table 18. Theoretical [Id¥sio (rel.u.)] and experimental [N, (rel.u.)]
relative intensities of the OVMO line in the XPS spectra for various
occupancies of the shells (72,).8!

Oxide nst ned n7s 1530 Iovmo
ThO, 0 2 2 0.20 0.35
U0, 3 1 2 1.15 -

2 2 2 0.87 1.03
v-UO3 3 1 2 1.01 —

2 2 2 0.77 —

1 3 2 0.52 —

0 4 2 0.30 0.72
NpO» 4 1 2 1.63 -

3 2 2 1.30 1.38

2 3 2 0.99 —
PuO, 6 0 2 2.39 -

5 1 2 2.06 —

4 2 2 1.73 1.73
AmO; 7 0 2 3.05 —

6 1 2 2.71 -

5 2 2 2.33 2.34
CmO», 7 1 2 3.41 -

6 2 2 3.03 2.45
BKO» 9 0 2 4.57 -

8 1 2 4.14 —

7 2 2 3.72 2.75
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sponding theoretical values determined from the photoionisation
cross-sections of these electrons with allowance for the influence
of spectroscopic and other factors on the An5f line intensity (see
Fig. 42). The question of why the experimental dependence [see
Fig. 42, Eqn (15)] is approximately linear was considered.

The dependences of the photoionisation cross-section
a(An4f;)5) and g(An5f) on the number of An5f electrons nsr (see
Refs 53, 81) are shown in Fig. 43. It can be seen that these
dependences are not linear. However, the variation of the
g(An5f)/o(Andfy),) ratio as a function of ns¢ is described by a
smoother curve and, to a certain approximation, it can be
regarded as linear. This explains qualitatively the course of the
corresponding experimental dependence (see Fig. 42). However,
the calculated o(An5f)/a(An4f;,) values are much smaller than
the experimental values derived from the intensities of spectral
lines.

g /Mb a

0.7

0.6

0.5

0.4

Figure 43. Photoionisation cross-sections (¢) for An4f7, (a) and An5f
shells (b) of actinide atoms vs. the number of An5f electrons (nsr). The
calculations were carried out in the Dirac — Fock approximation with
precise calculation of the exchange integral 358!

The theoretical values of the relative intensity 73°° calculated

using full photoionisation cross-sections and spectroscopic and
other factors 3188 for the basic configurations of actinide atoms
are given in Fig. 42 in comparison with the corresponding
experimental data. This comparison is qualitative, because the
theoretical dependence was constructed without taking into
account the participation of actinide atoms in the chemical
bond. Nevertheless, it follows from Fig. 42 that the overall pattern
of the theoretical curve following the increase in the number of
An5f electrons is in qualitative agreement with experimental data.

The experimental relative intensity 75" = I(An5f)/I(An4fy)
of the An5f line was used 3 to estimate the non-formal number of
these electrons (#sf) in actinide ions. This was done according to
the equation

nep = 155P Sagnaso bedag[l — Bar(0.75c08%0 — 0.25)] Fyy
IS o sl — Bsp(0.75¢0s20 — 0.25) Fsp

(17

where f is the spectroscopic factor, o, is the photoionisation
cross-section per electron, A is the electron free path, f is the
asymmetry parameter, 0 is the angle between the non-polarised
radiation and the photoelectron escape (in this case, 0 = 90°), Fis
the transmittance of the analyser. Only the Andfy, shell was

considered, therefore the subscript 7/2 is omitted. The spectro-
scopic factor (the fraction of the basic peak without inclusion of
satellites) has been calculated.??

It was shown 33 that for a neptunium oxidation state of 4 + the
number of the Np5f electrons, equal to 4.25, differs little from the
number of these electrons for the free atom. For pentavalent
neptunium, the number of NpS5f electrons is approximately 3,
while for hexavalent neptunium, it is between 1 and 2. For UO,,
these data are consistent with the results presented in Table 18.
Indeed, the value I3, = 1.03 for UO: corresponds to an nse
value ranging from 2 to 3 (see Table 18). The data for other oxides
indicate that the An5f orbitals take a significant part in chemical
bonding.

Thus, for analysis of the electronic structure and quantitative
ionic composition of actinides and for determination of actinide
oxidation states in compounds, important information can be
gained from the XPS spectral parameters for the An5f binding
range. The quantitative correlation found between the relative
intensity of the line for the weakly bound An5f electrons and the
actinide oxidation state (U, Np, Pu, Am, Cm, Bk) in compounds is
used to determine the ionic composition of actinides. The fact that
the AnS5f electrons can directly participate in chemical bond
formation is in line with the data of resonance X-ray O4s(U)
emission spectra of uranium oxides measured using synchrotron
radiation.?>°~261 On the basis of chemical shifts of the X-ray Lo,
Lp24, Lpis and L, emission spectra, the conclusion about the
existence of bound Th5f states in thorium oxide and halides has
also been drawn.262

Despite the scantiness of the information on the magnetic
behaviour of actinide compounds, a number of conclusions have
been reached *+8%%0 from comparison of the data on their
magnetic moments and magnetic susceptibilities with XPS data.
During filling of the An5f shell in uranium and neptunium
compounds, no direct proportionality between the effective mag-
netic moment (uerr) and the AnSf line intensity can be followed
(Fig. 44). The curve shown in the Figure is in good agreement with
the dependence of molar magnetic susceptibility on the number of
the Np5f electrons obtained previously.?>* The magnetic suscept-
ibility data for the Pu*" and Pu®* ions also indicate that further
filling of the An5f shell (nsp = 4, 5) should entail a decrease in the

f! f2 3 f* fr
Hefr [HB T T T T

1
102 74 (rel.u.)

Figure 44. Relationship between the effective magnetic moments (esr) of
actinide compounds and relative intensity (/") of the XPS line for
unbound AnS5f electrons.8%-90.253

The pesr values were taken from Refs 211 and 251 (light circles) and from
Ref. 263 (triangles). (/) ThO,, (2) y-UOs, (3) NaNpO2(OAc)s, (4)
CsoNpOxCly, (5) UO,, (6) CszNpO2Cly, (7) UHCOz)s, (8) NpOa, (9)
Np(HCO,)3. For U(HCO»); and Np(HCO»)3, the ISP values were not
measured.
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magnetic moment.®$-25%263 These results attest to a complex
pattern of the influence of unbound An5f electrons on the
magnetic properties of actinide compounds. Many problems are
still to be solved in this field.

2. The spectra of the An6p and O2s, Luxs electrons

Th comparison of binding energy differences between the core and
valence electron levels of metals and compounds used in a number
of studies 3335 allowed the researchers to elucidate legitimately
the MO structure, to construct the MO diagrams and to estimate
the degree of participation of the low-energy occupied An6p and
02s Lns AO of the neighbouring atoms in the formation of the
IVMO in actinide compounds. This approach provides the
possibility of estimating the effect of IVMO formation not only
in asymmetric actinide compounds containing AnO%" actinyl
groups, but also in highly symmetric compounds like AnO;
(AnO¥*~, 0, group of symmetry), whose XPS spectra exhibit less
pronounced IVMO structure in the low energy XPS range. For
example, the splitting between bonding and antibonding IVMO in
uranium compounds can reach 15 eV,!%° which is comparable
with the energy difference between IVMO in the nitrogen mole-
cule (18.7 eV).!° The method of ‘differences’ can also be used to
evaluate the nature (bonding, antibonding or non-bonding) of
individual IVMO, which is important for comparison with the
results of calculations of the contribution of IVMO electrons to
chemical binding. The use of this method, with allowance for the
data of theoretical calculations of the electron structure, allows
one to identify the IVMO structure based on the low binding
energy XPS spectra and to correlate the parameters of this
structure with the structure of the local environment of the
actinide ion in the compound. The distances from the actinide to
the nearest ligand atoms can often be estimated experimentally.
For amorphous compounds, these data can hardly be obtained by
X-ray diffraction.

Theoretical estimates have shown 52102115226 that the con-
tribution of the IVMO electrons to the energy of chemical bonds
in the AnO%Jr clusters (An = U, Np, Pu) is approximately 25% of
the contribution of the electrons from all MO. The experimental
data on the natures of various IVMO do not contradict qualita-
tively these results. The XPS data on the OVMO and IVMO
structures in actinide compounds are qualitatively in line with the
results of non-relativistic X,-DV calculation of the electronic
structure of the [UO,Fs]?~ cluster (Ds; group of symmetry) 264
and relativistic X,-DV calculation for the UFs, NpFs, PuFs,2%°
UF200-268 and UO»(NO3), -2 HyO 204269 molecules as well as
with the data of X-ray emission,00- 182, 185. 186, 188,234, 246,247,259
Auger,?3>236 X-ray absorption,!'8%-191.270 conversion electron
spectroscopy,?!8-22! etc.

3. The role of the An6p and An5f electrons in the formation of
chemical bond
Since the XPS spectra of actinide compounds together with the
ionisation cross-sections reflect the total valence electron density
in a binding energy range of 0— 50 eV, additional information for
determination of the partial density, for example, of the An6p and
AnS5f states, can be derived from other X-ray spectral methods.
While examining the XPS spectra of actinides, it has been
noted 3.3 103,104 that the lines observed in the low binding energy
range (E, = 0—-50 eV) are usually several electron-volt wide,
being often wider than the lines for deeper core electrons.333
For example, in the case of UO,, the FWHM (I') of the Ols line
(Evn = 531.4 eV) amounts to 1.6 eV, whereas the width of the O2s
line (E, ~ 23.3 eV) exceeds 4 eV, and this line is structured.®® In
conformity with the uncertainty principle AEAtT ~ h/2n (h is
Planck’s constant), the natural width (AE) of the level from
which the photoelectron has been removed is inversely propor-
tional to the hole lifetime (A7) of the ion formed. Since the hole
lifetime decreases as the absolute binding energy increases, the
width of the XPS lines for some atoms is expected to decrease
rather than increase, as is really the case in experiments (see, for

example, Figs 8, 19). This served as the main reason for the
thorough investigation of the spectral structure for actinide
compounds in this energy range.>3-%103.104 [t was found that,
among other reasons, line broadening in the low energy range
(0—50 eV) of the XPS spectra is due to the formation of OVMO
and IVMO in actinide compounds (see, for example, the stud-
ies>!=3%). These spectra reflect the band structure and are
observed as several electron-volt wide lines. In particular, in
uranium compounds, the IVMO arise due to the significant
overlap of the U6p and L(O,F,Cl)ns shells of neighbouring
atoms and ligands.

Yet another important aspect vigorously studied in recent
years is efficient participation of the An5f shell in the OVMO
formation. Previously, it has been traditionally assumed that prior
to chemical bonding, the AnS5f electrons are excited to, for
example, the An6d AO. However, the calculation results show
that the An5f shells can be directly involved in the formation of
MO in actinide compounds.!'??-228 This basically important fact
requires experimental corroboration.?!-88 The commensurability
of experimental and theoretical values for the partial density of the
An5f and An6p electrons of actinide compounds can serve as a
criterion for the consistency of calculations.

As an example of the information on the An6p and An5f
electronic states of actinides that can be gained from X-ray
spectral and theoretical data, we shall consider the results
obtained for uranium trioxide. In particular, the fine structure of
the low binding energy range of the XPS spectrum of uranium
trioxide has been analysed taking into account the results of
calculations of the electronic structure of the [UOO4]¢~ cluster
(Day, group of symmetry) reflecting the local environment of the
uranium atom in y-UQOs5 (first carried out in the relativistic X,-DV
approximation).!19-123.271 The fine structure of the X-ray O 5(U)
emission spectrum of y-UQOs, reflecting the partial densities of the
Ub6p and USf electronic states in the valence band, has been
studied for the first time. 183 234

As noted above, the low energy range (0—40 eV) of the XPS
spectrum of uranium trioxide can be divided conventionally into
two parts (Fig. 45). The first part (0—13 eV) exhibits a structure
caused by the OVMO, which are mainly formed from partially
occupied outer valence U5f, U6d, U7s and O2p AO of neighbour-
ing atoms. The fine structure observed in the second part of the
spectrum (13—40 eV) is due to the IVMO, which mainly arise due
to the substantial interaction of the electrons from completely
occupied valence U6p and O2s AO of the neighbouring atoms.
The OVMO spectral structure has three characteristic features
and can be divided into three components. Eight clear-cut peaks
can be observed in the IVMO range, and eight components can be
distnguished (see Fig. 45). Despite the formalism of such sub-
division, it allows one to perform qualitative and quantitative
comparison of parameters of the XPS spectrum with the corre-
sponding parameters of the X-ray O4,5(U) emission, Auger and
other spectra and with the results of relativistic calculations for the
electronic structure of the [U0,041°~ cluster (Dy, symmetry
group).

The intensity of the OVMO band was found to contain a
contribution of the outer valence U5f, U6d and O2p AO and a
substantial contribution of the inner valence U6p AO of neigh-
bouring atoms. Experimental evidence for the direct participation
of the US5f electrons in the chemical bonding with partial loss of
their f nature has been obtained. Indeed, the experimental
intensity ratio of the OVMO and IVMO bands is 0.70,%' which is
comparable with the theoretical value (0.93).'23 Since the U5f AO
almost does not participate in the formation of the IVMO, the
difference between these values may be due to the decrease in the
photoionisation cross-section of the US5f electrons involved in
chemical bonding. However, if the intensity of the OVMO band in
uranium trioxide is assumed to be formed only by the U6d*7s? and
302p* electrons, and the IVMO intensity, by U6p® and 302s?
electrons, the corresponding theoretical value would have been
0.30 (see Table 18), which is significantly smaller than the
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Figure 45. X-Ray photoelectron spectrum of y-UQO3 with (a) and without
(b) the background. The dashed lines show the spectral pattern of the
subtracted background and thin lines show the conventional decomposi-
tion of the spectrum into components. The vertical segments in Fig. 45 a
are the results of relativistic X,-DV calculation for the [UO,04]°~ cluster
(D4, symmetry);'23 the vertical segments in Fig. 45 b show the expected
correct spectrum simulated with allowance for calculations and exper-
imental data;''° ny; and ny; are designations of molecular orbitals; the
digits are the numbers of peaks.

experimental value.®! This contradicts the traditional view that,
before being involved in chemical bonding, the U5f electrons are
excited to the U6d shell. Thus, the results of the relativistic
calculation reflect rather reliably the partial electron density of
the USf states (see Fig. 45). This means that about two USf
electrons participate directly in the chemical bond, while the
vacant US5f states are located in an energy range of 6 eV near the
absorption edge.!?3 This is in qualitative agreement with the X-ray
0O4,5(U) emission spectroscopy '8 and X-ray near-edge O45(U)
absorption spectroscopy data for uranium trioxide.!8-270

In the IVMO binding energy range, the best agreement has
been obtained for the 17y¢, 15y¢ and 14y, orbitals characterising
the width of the spectrum of these electrons. Since the theoretical
and experimental total relative intensities are comparable, the
calculated energies of the 11y7 — 10y; IVMO (see Fig. 45) may
differ appreciably from the corresponding experimental values.

Using the data of relativistic calculations for the [UO,04]°~
cluster (D4, group of symmetry) and experimental binding energy
differences between the core and outer electron levels of ura-
nium >’ and for uranium trioxide (see, for example, the stud-
ies 3> 19%) ‘an MO diagram has been constructed in the MO LCAO
approximation (Fig. 46).!23 This diagram provides understanding
of the real XPS structure of uranium trioxide. In this approxima-
tion, one can distinguish conventionally the 17y, (4), 15y¢ (9) and
14v4 (10) IVMO, which characterise the U — O bond length in the
UOZ"; the 1197 (5) and 10y7 (8) IVMO which characterise the
U — L bond and its length in the equatorial plane of the cluster and
the quasiatomic 16yg (6), 16y¢ (7), 1195 (7) and 15y¢ (7) orbitals
formed from the O(L)2s AO of two types of oxygen atoms (O and
L). Note that this separation of the IVMO has been experimen-
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Figure 46. Diagram of MO energy levels in the [UO>04]°~ cluster (D4
symmetry) constructed with allowance for calculations and experimental
data.?”!

The chemical shifts of the energy levels upon the formation of the cluster
from single atoms are not shown. The arrows show the energy differences
that can be measured experimentally. The digits on the left are exper-
imental Ey, values, eV (the energy scale is not maintained).

tally substantiated.>>1%° 1t follows from the experimental data
that the energies of the quasi-atomic 16y (6) — 15y¢ (7) IVMO
should be similar to each other. Indeed, it follows from the
parameters of the XPS spectrum of y-UOs3 in the Ols binding
energy range that the difference between the Ei, values for these
orbitals should not exceed 0.9 eV, as this line is asymmetric and its
FWHM (I') equals 2.2 eV. The binding energy should be approx-
imately 23.4 eV, because AEL o = 508 eV and the Ols binding
energy for y-UOsis 531.4 eV (see Fig. 46). In view of the fact that
AEy = 360.6 eV and AE, = 363.0 eV, one can find 4, = 2.4 eV
and 4, = 3.7 V.’ Since the binding energy difference between
the 14y4 (10) and 17y4 (4) IVMO equals 15.2 eV and the U6p spin
—orbit splitting in the atom is given by AEg(U6p) = 10.0 eV, itis
possible to estimate the perturbation A3 =2.6¢eV (ie., it is
comparable with the value 4, = 2.4 eV). These data led to the
conclusion 23 that the contribution of U6p to the 11y7 (5) and
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14y (10) IVMO should be markedly higher, while that to the
1097 (8) IVMO should be much lower than its contribution to
thel7yqs (4) IVMO. As expected, the width of lines corresponding
to quasi-atomic orbitals, 16yg (6) — 15y¢ (7) is smaller than the
corresponding values for other IVMO. The observed relative
reduction of the 17y (4) IVMO line width can be attributed to
the partial loss of the antibonding nature of this MO resulting
from a significant admixture of O2p AO (21%).%3

It is noteworthy that a stricter comparison of the theoretical
and experimental electron binding energies requires resorting to
values calculated 272 for the transition state.

For qualitative and quantitative comparative analysis of the
experimental and theoretical intensities of spectral lines, the
spectra were decomposed into components with allowance for
the data given in Fig. 46. The electron binding energies were
derived from experiments, while the theoretical intensities were
calculated. The results of identification of the XPS spectral
structure are shown in Fig. 45. However, experimental IVMO
intensities often differ significantly from the corresponding theo-
retical values. The closest agreement is observed for the electrons
of the 17ys (4), 16y (6) and 14y4 (10) TIVMO. It has been
found'?3 that ~ 1.3 Uép electrons (mainly, the U6ps)» electrons)
are involved in the formation of the OVMO. This is comparable
with the theoretical value, equal to 1.0 e. Similar agreement is
observed in some cases for the IVMO energy range. For example,
the antibonding 17y4 (4) IVMO contains 0.8 U6p;3» electrons,
which does not differ much from the calculated value equal to
0.98 e. Similar agreement is observed for the bonding 14y¢ (10)
IVMO. For the antibonding 11y; (5) and the corresponding
bonding 10y;7 (8) IVMO, the calculated overlap of the U6p and
02s AO is approximately twice as great as the experimental value.

Since the pattern of variation of line intensities in the XPS
spectra upon the change in the MO energy levels is known from
quantum mechanics, it is possible to discuss whether the exper-
imental and theoretical results agree with each other. As has been
shown previously,>* 33 the greater the participation (bonding or
antibonding) of AO in the MO formation, the wider the MO lines.
The sharpest lines are those corresponding to non-bonding or
quasi-atomic MO. Therefore, the relatively small width of the
17ys (4) IVMO line can be attributed, as noted above, to the
substantial content of the O2p AO in this MO, which also results
in a significant decrease in its intensity and the loss of the
antibonding nature (see Fig. 46). The observed discrepancy in
the intensities of the 11y7 (5) IVMO lines confirms the assump-
tion that the degree of participation of the U6p AO in this MO is
about twice as high as that in the 17y¢ (4) IVMO. The degree of
participation of the U6p state in the corresponding bonding
10y7 (8) IVMO is approximately the same. Unfortunately, it is
difficult to determine reliably the line width corresponding to the
10y7 (8) IVMO electrons.

The energy region of the 16y4 (6) — 10y; (8) IVMO is most
ambiguous for interpretation. As can be seen, the structure of this
spectral range is mainly due to the O(L)2s electrons, which agrees
with the results of calculations. However, the overlap of the
uranium U6p AO with the oxygen L2s MO, which occurs in the
equatorial plane upon the formation of the 11y; (5) and 10y; (8)
IVMO, was apparently overestimated in the calculations; this
resulted in a wrong order of the 16y, (6) — 10y; (8) IVMO. This
may be due to the fact that the distances between the uranium and
oxygen atoms in the equatorial plane used in the calculation of the
[UO,04]~ cluster were understated compared to the real values.
In view of the foregoing, this spectral range has been decom-
posed.?3 The correct order of the IVMO is especially important
for elucidation of their contribution to the covalent component of
the chemical bond in uranium trioxide. The peak (11) observed in
the spectrum (see Fig. 45) is apparently due to the shake up
process which accompanies the emission of electrons from the
sample. The expected theoretical spectrum is shown in Fig. 45 b by
vertical segments.

In conclusion, we would like to note that, despite a number of
approximations used in the calculation of the electronic structure
of the [UO,04]°~ cluster, which models the nearest environment
of uranium in y-UQs3, the results obtained agree qualitatively with
experimental data. This allowed the first reliable identification of
a series of lines, at least, the upper and lower IVMO lines. These
data can be used, in particular, to determine the structures and
bond lengths in uranyl compounds %19 and to interpret the
structures of other X-ray spectra of uranium compounds. Since
the electronic structures of actinide compounds are fairly similar,
the results can be used for qualitative discussions of the electronic
structures of compounds of not only uranium but also other
actinides.

4. Parameters of the fine spectral structure of core electrons
Analysis of the fine XPS structure of the core electron shells of
actinide compounds (~40 —1250 ¢V) has shown that there exist
general regularities of the formation of such structure and that its
parameters depend on the physicochemical properties of com-
pounds. For some actinide compounds, the fine structure param-
eters are characteristic and can be used for identification. For
example, within the error of measurement, the spin—orbit split-
ting (AEq) of lines corresponding to the core electron levels of
actinides does not change on passing from one compound to
another. The observed apparent differences between the AEg
values for actinides contained in various compounds are related,
most often, to multiplet splitting and dynamic effect.

It was found that shake up satellites arise in the spectra of all
electronic levels accessible for measurements, their intensity
decreasing with a decrease in the electron binding energy. The
parameters of these satellites were found to be correlated with the
actinide oxidation state and the ionic — covalent nature of the
bond.

For all actinide compounds studied, the structure of the An4f
spectra is very sensitive to changes in the stoichiometric compo-
sition, the structure parameters being correlated with the oxida-
tion state of the central actinide ion. Thus, the distance (along the
energy scale) from the basic lines of the An4f doublet to the
satellites related to many-body perturbation (AEs,;) for An®™* lies
in the range of 3—4 eV, while that for An** is 7 eV.

The An5d spectra of actinide compounds containing unpaired
An5felectrons exhibit multiplet splitting, resulting in a substantial
broadening of the An5ds; line relative to the An5ds;» component
of the doublet.

The XPS fine structure caused by the dynamic effect is most
clear-cut for electrons whose binding energies are in a certain ratio
to the binding energies of electrons less involved in the bonding, so
that the energy conservation law and the selection rules hold. In
particular, the dynamic effect results in substantial spreading of
the AnSs and An6s spectral lines; as a consequence, the An6s
spectral structure covers a range of ~40 eV. The intensity of the
high binding energy component related to the AnSp;» electrons is
strongly suppressed, and the AnSps» component exhibits a
complex fine structure. In all cases, fine structure is present in
the Andps), spectra. It was shown experimentally that the struc-
ture in the XPS spectra of actinide compounds in the An4p, AnSs,
An5p and An6s binding energy range is mainly due to
interaction of final state configurations of the type
Andp>4d10(414)552(5p°5d106s26p°©) 5f'p™ = Andp®4d®(4f'4)5s!.
.(5p®5d196s26p®)5f1p™ T 1; An5s!5p©5d10(6s26p®)5f” = An5s25p°.
.5d%(6s%6p®)5f 1. An5p35d19(6s%6p©)5f" = AnS5p®5d8(6s%6p°).
5771 and An6s'6p05f" = An6s26p*5f76d!, respectively.

X-Ray photoelectron studies of the properties of actinide
compounds and the nature of the chemical bond in them have
provided a number of interesting results. It should also be noted
that in recent years, X-ray photoelectron spectroscopy has been
used more and more extensively for ecological studies to deter-
mine the physical and chemical state of radionuclides in the
environment (see, for example, a series of studies 262 273 — 276)
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VII. Conclusion

Thus, we have shown that knowledge of the parameters of fine
XPS structure, together with the traditional information (line
intensities and chemical shifts) significantly extends the potential
of the XPS method for diverse studies in solid state physics and
theoretical and physical chemistry, in particular, studies of the
electronic structure and properties of actinide compounds and the
nature of the chemical bond in them. The mechanisms of
formation of this fine structure have been analysed using com-
pounds with well-known properties. The understanding of the
nature of the fine structure provides new information on the
physicochemical properties of actinide compounds and the ions
they contain. The three questions stated in the Introduction can be
answered in the following way.

1. The XPS spectra of compounds of light actinides (Th, U,
Np, Pu, Am, Cm, Bk, Cf) exhibit a complex fine structure for
almost all electron shells in the energy range of 0 — 1250 eV. This
structure may be due to many reasons, in particular, the formation
of inner and outer valence molecular orbitals; multiplet splitting;
spin— orbit splitting; splitting due to the induced charge; dynamic
effect; many-body perturbation; overlap with the Auger spectral
lines; the presence of actinide ions in different oxidation states and
so on. General regularities of the formation of the fine spectral
structure can be followed for particular electron shells.

2. It was found experimentally that particular mechanisms of
fine structure formation are manifested in the spectra of different
electron shells with different probabilities. This made it possible to
establish qualitative and quantitative correlations of structure
parameters with the physical and chemical properties of actinide
compounds. For example, the line intensity around a zero binding
energy is proportional to the number of An5f electrons not
involved in the chemical bond. The structure of the low binding
energy spectral range (0 — 50 eV) reflects the degree of participa-
tion of the An6p and AnS5f shells in the formation of outer and
inner valence molecular orbitals, the nature and the sequence of
these orbitals and the structure of the local environment of the
actinide ion. The multiplet splitting of the core levels characterises
the number of unpaired electrons in the compound. The spectral
structures caused by the dynamic effect and many-body perturba-
tion reflect the secondary many-body processes that accompany
electron photoemission and the configuration of the final states of
the electronic system.

3. The fine structure parameters of the spectra of actinide
compounds can be used to determine the degree of delocalisation
of the AnS5f electrons; the degree of their participation in the
chemical bond; the electron configuration and oxidation state of
the metal atom in these compounds; the density of unpaired
electrons on paramagnetic ions; the degree of participation of
the low-energy occupied An6p and Lus shells of neighbouring
actinide atoms and ligand atoms in the formation of outer and
inner valence molecular orbitals; the structure and the nature of
these orbitals; and the structure of the local environment, in
particular, uranium ions in amorphous substances. These data
cannot be obtained directly by other methods.

Despite the substantial advances in the understanding of the
electronic and crystal structures of actinide compounds and
extension and deepening of the knowledge on the nature of the
chemical bond in them, some points still remain obscure. For
example, the structures of the IVMO spectra for compounds of
most actinides still cannot be completely interpreted, due to the
lack of results of proper relativistic calculations. The role of the
IVMO electrons in the formation of the chemical bonds in
compounds has not been ultimately clarified, because procedures
for experimental and theoretical estimation of the contributions of
particular orbitals to the binding energy have not been adequately
developed.

The greatest success in solving the problems mentioned above
can be attained by performing X-ray photoelectron spectral
studies for diatomic gaseous molecules such as thorium and

uranium monoxides using synchrotron radiation for excitation.
In this case, relativistic calculations of the electronic structures can
be done most easily as, for example, for the UFs molecule. No
ultimate opinion on the role of IVMO in the formation and
structures of actinide compounds has been formed as yet. How-
ever, there already exist a number of examples that imply that the
concept of efficient IVMO formation allows one to interpret some
experimental results, for example, the formation of the complex
fine structure in the XPS spectra of actinide compounds in the
~15-50 eV binding energy range; the relationship between fine
XPS structure characteristics in this region and the structure of the
nearest environment and distances from the metal atoms to the
closest ligand atoms in the compounds; the appearance of peaks
and fine structure in the binding energy range of ~15-50 eV in
the emission spectra of thorium oxide and fluoride and uranium
oxides, Auger spectra of uranium oxide and conversion spectra of
uranium oxides and fluorides. The formation of IVMO might also
be a reason for the appearance of stable actinyl groups AnO3". In
conclusion, it should be noted that the experimental and theoret-
ical studies of the electronic structure of compounds and solids
and the nature of the chemical bond carried out in recent years
deal, most often, with the binding energy range of 0— 50 eV rather
than 0— 15 eV studied traditionally. This is a recent and impor-
tant achievement in chemistry, biology and solid-state physics.
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